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TEXT BOOK OF GUNNERY. 


CHAPTEE 1. 

% THE RESISTANCE OF THE AIR. 

In Chapter IL, P<art I., of the Text Book of Gunnery, the practical importairee of a Ballistic 
Tnlde has Ireen illustrated hy various exaiuples, in which, by the use of the table, the solutiirn 
was effecKid of a Ballistic Problem; it is necessary now to examine the theory upon which 
a Ballistic Table is based, and the experimental data upon which the calculation is founded. 

The first recjuirement is the experimental determination of the Eesiskmce of the Air to a 
projectile moving with a velocity witliin the limit of that found useful in artillery fire. 

The most important series of experiments carried out in this country are those of the 
Eev. F. Bashforth, B.I)., the fii'st .Professor of Mathematics to the Advanced Class of Artillery 
O.fficers. 

These experiments were conducted in 1865-1870 and in 1878-1879, and the results are 
tal:)ulated in the Jlcj/orfs on the Experinmds made wifk the BaAiforth Chronofjraph, &c., 1865-1870; 
and Final Report on Experiments with the Bashforth Chronograph to determine the Resistance of the 
Air to the Motion of Elongated Frqjeciiles, 1878-1880. 

The projectiles employed in these experiments were of various weights and siaies, and 
were fired from guns of 3, 5, 6, 7, and 9 inches calibre ; the external shape was nearly uniform 
for all, consisting of a cylindrical body with a fiat or slightly rounded base, and provided with 
an ogival-pointed head, struck with a radius of 1-| diameters. 

In 1902-1906 the Ordnance Committee (now the Ordnance Board), with Sir G. Greenhill 
as technical adviser, carried out experiments to determine the resistance of the air to the 
motion of elongated projectiles, struck with a radius of 2 diameters. The Ballistic Tables at 
the end of this book are founded upon the data obtained from these experiments, and these 
tables are used in the present text. Previous editions (containing the Bashforth ballistic 
tables) were written by Sir G. Greenhill, to whom the scientific development of gunnery 
owes so much. 

As a first result of the experiments it was found that the resistance was proportional, at 
the same \^elocity, to the cross-sectional area or to the square of the diameter. 

The resistance E can thus lie split up into two factors, one of which is #, where d denotes 
the diameter of the shot in inches ; and the other is the resistance of the air at the same 
velocity to a similar 1-ineh projectile ; this is denoted hy p, so that 

E - dd2>. 

Tdiese values of y refer to^a certain standard density of the air, uf r>3-P22 grains ]H;r 
en1)ic foot, which is the density of dry air at sea-level, in the latitude of Greenwich, at a 
temperature of 62° E. and a barometric height of 30 inches. 

As.suming that a projectile travels during its flight so that its axis coincides with the 
tangent of the trajectory, then the forces actiiig on the projectile are the force of gravity, 
vertically downwards, and toftsiderod as const'^nt ; and the variable resistance of the air which 
acts continuinly ill a direction opposite to that of the motion of the projectile. Experiment 


4 


sliows that tin’s resistance is proportional to the cross-section area or .square of the diai%eter of 
the itroj(-,clih' ; lienee, putting p == ./'(vO, wliere/(;r) is a function of the velocity of the shot,^ 


It is a, s, Slimed further tliat the re.sistance is jiroportional to the density of tlie air ; ,so tliat 
if the deusit^v changes to S grains per cultic foot, we nm.st pub li — to whore 

8 

-» = 4 ’ 

and 

A = r)34-32. 

Therefore • 

S 

534 - 22 ’ 


and Table VIIa, calcnlatod from the formula 

b 400 -t 02 _ h _ 1 

30 ' 4 00 4- F ” 30 j ¥ - 02 


• (1), 


derived from the laws of Boyle and Cliarlo.s, gives the value of t for dillercnt Fahrouhoit 
temperatures F and barometric heiglite h inches ; this applies to dry air, so that a further 
correction is required from the hygroinotrical tables gi\mu liy the rcading.s of the wet- and 
dry-bulb therinomoters, ns damp air i.s perceptilily lighter than dry air at the same temperature 
and pressure ; the air is supposed to lie two-thirds saturated, so that a pros, sure two-thirds of 
the pres.sure in inches of mercury of the aqueous vapour at the temperature F is added. Tlie 
effect of the vapour correction i,s to redneo tlie .standard tomperaturo from (52'' to 60“ F. 

This factor is called the roe/fieient of kmiUi/ at ih' [/round letiel, but if a projectile attain 
any considerable height above ground, then a correction in must lie made to allow for tlie 
decrease in density (and temperature) in the air above the ground; a good average, as shown 
in Chapter III, for the moan density of air of the whole ti'ajectory is obtained liy considering 
the average height h of the trajectory to he at two-thirds of the maxinuim height, hence the 
■working formula for the coefficient of tenuity for a trajectory is 

T/, = .so that , 

J ' T/,, 

where /’is the alHtudr factor, which corrects for a mean height aliove ground of h feet, / i.s 1, at 
the ground level or near it, and is greater than 1 for higher levels. Hence 

U ^ ^ iPp ^ r,pl^p . ( 2 ). 

In all carefully conducted experiments the value of should bo calculated and allowed 
for from day to day. 

For shooting under water, the coefficient of tenuity becomes 800, became the density of 
water is alioiU; 800 time-s that of ordinary air. 

The extract from Glaishcr’s Hipjromdrkal TaUer, Table VII at the end of the book, 
gives 8, the density ingrains/ft./ for the reading of the barometer in inches, and of the wet- and 
drv--]')T'ilb tlicrmometer in degrees Falu'cnheit of the meteorological record on the day of an 
experiment, and hence the value of . 

8 



In using the hygrometi-ic talilc, look out the number corresponding to tlie readings 
of the thermometer, vmt and dry bull) ; this giv^js the gritins pm- fiibic, foot at a. barometric 
height of 29 inches; and then the table of proportional parts shows the aildition to he made 



for the €xtra height of the barometer above 29 inches. The standard barometric height in the 
tai)le is ta;ken very low, at 29 inches, so as to avoid negative proportional parts. 

As examjiles, find the value of t„ when the meteorological record is 

Barometer 29*95 '' 

Web Irnlb 3r F. 

Dry bulb ... ... ,■59" F. 

{ 5;5cS-9 for 29 inches, 

+ 10-7 for 0*9 difference, 

+ 0*9 for 0*05 diflhrence, 


Therefore 


.For 


Value of 6 = 556*5. 



Barometer ... 

. 30-25 

Wet bulb 

. 42“ F. 

Dry bulb 

, . 45“ F. 

r532*3 




1 



a = 555*2 

T. ‘ ^ = 1-039. 
534*22 


To find the value of the altitude factor f (.see Note at end of Chapter). 

Lsif (hiHe . — If the decrease in density of the air at a height h feet is taken as due only to 
the decrease in the pressure of the air, the temperature ])eing supposed uniform, then 

I, 

f = e'-’ (see Note at end of Chapter) . (3), 


where h is the height of the homogeneous atmosphere, that is, the height of an atmosphere of 
uniform density which will give the barometric pressure, and it is eqmil to 27,800 feet on the 
average, but varying with the temperature from 26,000 to 30,000 feet. 

For a moderate value of h (3) may be written 

/=1+|- and . . . , . . . . (. 1 ), 

where li = 27,800. 

2/id Case. — Expei'iments show that the temperature, as w-ell as the pressure, decreases witli 
the increase of altitude. Considering d/ry air only, suppose that the temperature at any height 
is that which the surface air would have if it expanded adiabatically {i.e., without loss or gain 
of heiit) from the surface, then the value of / is given by 



wlnsre y = 1-4 is the ratio of the specific heat of dry air at constant pressure to its specific heat 
at constant volume (see Note at end of Chapter), and with y = 1*4, 

" . . (c). 

■' V 97,300/ 
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» . f 

T;i1)Io VTIa gives tlie value of tq, and the value of / found for values up to A = 10, WO foot, 
these are plotted in fig. 1, when the ground temperature is 60“ F. 
f^or moderiiti'. values of //■ (5) may he written 

/' - 1 + A 1 + 0-000026/g 

y/.: 

where h is in feet, 

3rd Care . — In 1st case no account is taken of change of temperature when ascending in 
the atmosphere ; in the 2nd case no account is taken of the huiniditj'- of the atmosphere and 
tlio correct value for y is probably less than l‘4ya smaller value of y iu the ■2tul ease would 
bring closer together the values of / obtained by the 1st and 2nd ca.se.s. m 

A well-known and practical rule* is that there is : — 

1 inch in fall of barometer per 1000 feet altitude, 

1 F. fall of temperature „ 300 „ „ 


■Working upon this and employing Table the value of J = is readily obtained 

and then plotted for various values of h feet. 

On fig, 1 the curve of / for various values of h is seen as olUaiued from tlie three cases 
eonsidered, that got from the 3rd case is seen to he a meau between the other two, it has 
therefore claims for being considered suitalile, and, if employed, tliere is no need of a sejjarate 
table for /, but it is got direct from Table VIlA as soon as tlie ])aromoter and thermometer 
readings at the ground surface arc known. 

As HU example, suppose a shot attain a maximimi height of 900 feet and that the mean 
height of the trajectory is taken as 600 f(!et. To correct for this, when the readings at the 
earth’s surface are 

SO” 1 

56" wet bulb L 
60“ dry bulbJ 

neglecting the wet-bulb reading, t„ = 1 from Table VIIa, and from the same table t/, for 


30 

60' 


^ 0 ^ ~ r g'* ^ j’ equal to 0 ' 9836. 


So that 


T/, 0 • 9836 


The following tabulated values of / are now set out for each rise of 1000 feet. 


■''= Oiiptiiin E. K, llezlct, E,A,, finds that, from an examination of the, British Association Eeport on the 
upper atmosphere (Winnipeg, 1909), a better value for the mean temperature gradient up to 5000 feet altitude 
would appear to be 2'5° F. per 1000 feet. Taking this rate of decrease of temj)eraturft and 1 inch fall of 
barometer per 1000 feet, it Avill be found, that for barometer 30", tliermometer 60° E. on gi’ound, up to 
5000 feet, 

1 = r,. = 1-0-^027 A. ^ A* • 

■ * 0 
Tbis gives sligblly liighov values than in the table below. 



AJHfiide Correrfian f in, BalUstic Coeffidcnf. 


KO-T,, d- Tf, 

Value of / at 60" F. ealeulated from r,, and from Table VIlA, allowing 

1 inch fall of pressure per 1000 feet of altitude, 

1“ F. fall of temperature per 300 feet of altitude. 


h feet. 

/. 

j ! 

i Differences, i 

; A i 

0 

1*000 

0*028 1 

1,000 

1*028 

; 0*029 I 

2,000 

1*057 

0*032 

3,000 

1*089 

0*034 1 

4,000 

1*123 

0*037 

5,000 

1*160 

0*040 1 

6,000 

1*200 

0*044 

7,000 

1 * 244 

0*047 1 

8,000 

1*291 

0*053 

9,000 

1*344 

0*056 1 

10,000 

1*400 

i 

: 1 


Working with Glaisher’s table to find / for a height of 600 feet, and supposing the wet- 
bulb fall of temperature to be the same as that of the dry-bulb temperature, then for surface 
readings of 

30"1 

56° = 515 '9 17 '8 = 533*7, 

60° J 

and these readings at 600 feet elevation become 
29"*4'1 ■ 

54° J>for which 8 = 518*1 + 7*1 = 525*2; 

58° J 


so that 




The resi^stance of the air is reduced considerably in a modern projectile by giving it a 
greater length and a sharper ^point ; and a factor k, called the coefficient of cliapc^ is brought in 
to allow for ibis change. ^ 


8 

® 

For rui ogival liead of 2 calibres k = 1 in the preseirt new ballistic tablis (at end of 
booh) and for other shaped heads ® 

•> / \ jji _ 1 

K = ~ — , approximately, 

III V I 


where ;>/ is the numlier of calibres in the radius of the ogival head. 
For a 3-calibre ogive 

K = ^/ll- - 0-835. 


Bashforth’s tables were constructed for a -calibre ogive, whereas the pi'esent tables are 
for a 2-calibre ogive. 

For a so-called flat-headed proof projectile k = 2 on the average ; this has ro^^ided edges, 
and were it really flat, i< would be greater than 2. 

For spherical shot, sucli as a shrapnel larllet, k is not constant, and a separate l)allistic 
talde (Table TX) is constructed; l)nt k I ‘T, on the average. 

Lastly, to allow for (be suiaaior centring of (ho ])rojectile obtained with lireech-loading 
gun.s, Ilaslifoi'tli iiiliaxhu'ed a factor cr, called the i‘orjtirii:-)ii if slraiJivesK. 

'I’lii.s sieadino.ss may vary during the flight of tlie projectile, as the shot is often unsteady 
for sonic distance after leawing the muzzle, and linally .st;ea,die.s down afterward.s, soinetime.s 
hecoiiiiiig' unsteady again in liigli-augle howitzer lire. 

With the present ne^v tallies and with modern breoeh-ioading guns ir may be ta.keu as 
unity (ir = 1). 

Oolleetiiig all the coeflicients, k, <r, r, wo now put the resi.stanco of t/he air in pounds, 


where 


It == nd-p (7), 


is called the coe'l/kicni of rednrti mi. 

Denoting the weight of the shot liy o: llis., aiul the retardation of the shot by r f/.s 
per second, 

w f/’ 


put 


r K ^ ^ ndfi ^ 
ir W 


nd^ 




(^)F 


then C is called the balUstie corfkient of the. shot, and from (8) 


that is 


__ .Pd 

0 ’ 

Or " pif . 


(y) 


Until the time of Benjamin liobiiis, and of his invention of the Ballistic Pendulum (1740), 
the vaguest ideas prevailed as to the velocitj!- of shot and the resistance of the air. 

It was never realised that such an attenuated elastic nicdium could ofler so cnoianous 
a resistance, in spite of Newton’s caution (Ex Medii subtilitate resistant.ia projeetilium 
celerrime motornm non multuni diminuitur. Phikmpkim NahiraUn Prindjiiu Maf/umiafiru, lili. ii, 
prop, xxxiii, cor. 5), so that artillerists were in the habit of neglecting thi.s resistance, and of 
employing Galileo’s parabolic theory for unresisted motion j ami thereby the velocity of the 
shot was considerably under-estimated. • • * 
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# 

Thus, fui^ii'istauce, the velocity V required with an elevation of 9' to attain a range of 
3500 yards is, according to this parabolic theory (Chapter 11, § 4, Part I). 

coseo 2a), 

■ ® 

wliere X = 10,500, the range in feet, and 2a = 18" ; hence 
I V=1047 f/s. 

I But it is found that the modern magazine rifle, with an initial velocity of 2000 i/s, can 

I hardly attain a range of 3500 yards, whatever elevation is given ; and the resistance of the air 

I to the bullet®at the outset is now estimated at about 1-|- lbs,, or 40 times the weight of the 

I bullet. 

I So also Robins found, in an experinieiit {N'ew Prmcvples of Gunnery, 1742, Chap, 11, 

‘ Prop. TI) by firing at his ballistic pendulum at I’anges of 25, 75, and 125 feet, that the 

mean velocities of impact were 1670, 1550, and 1425 f/s. 

The musket employed was a 12-bore, so that the bullets weighed 12 to tlie pound; and 
I the charge of powder was half the weight of the bidlet. 

t Denoting by the average resistance in pounds over the range of 100 feet during 

! which the velocity fell from V = 1670 to v — 1425, 

R = = 10 lbs., about, 

2g X 100 

or 120 times the weight of the bullet; this may he taken as the resistance of the air to a 
spherical bullet of this description, I of an inch in diameter, moving with the velocity of 
1560 f/s, at the mean range of 75 feet. 

Mr. A. Malloek, F.R.S., has repeated the Robins experiment with a ballistic pendulum 
similar to that described in Part I, using a 0”303-ineh calibre, and attaining a maximum 
velocity of 4500 f/s with a light aluminium bullet weighing 23*3 grains or 300 to the lb. 
{.Proceedings, lioyal Society, Nov. 1904). 

The loss of velocity Ar at velocity r in a range of 5 yards, or As =15 feet, wa.s about 
700 f/a. 

So that with r — 4500, Aw = 700, the retardation 

■ ^ ^ 

' Kt 

Also 


hence, at the velocity of 4500 f/s the retardation is found to be 210,000 f/s-, and the resistance 
about 6500 times the weight of the bullet. 

The conclusions of Robins naturally met with great opposition from the teachers of the. 
ancient theory ; thus, for instance, Professor Miiller, in his Trcnfise of Jrl.Wrry?‘ Supplemoif, 
1768, p. 110, proves that “the velocity from a 42-pr. can never amount to 914 ’7 f/s, and 
consequently much less in a smaller calibre.” 

But, the experimental results, obtained by the rnuderji metlKal of shoutijig through 
electric screens, confirm Robins’ results ; and, according to Eashforth, these results of Rol)ijis, 
obtained from experiments with musket halls, are more accurate than those obtained 50 years 
later in Iiutton’.s experiments with cannon halls and a larger ballistic pendulum. 

'.[’he practical details of tiie construction and use of modern electro-ballistic a])paratus a, re 
given in Chapter IV, ^ 2, Thirt 1. * • 

(9263) B 


I 


= 4500 = 210,000. 

A.S- Id 


. = ? = 6500, 
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The distance s must be taken as the independent ramble in screen records, and not the 
time i ?5 so that v denoting the velocity, and r the retardation, 

ds t-’ 

dH _ d /df\ _ _ 1 dv _ _ 1 vdv _ _ 1 dr _ ■/• 
ds- ds \ ds I 'tfl ds # ds # dl ’ 

so that 

■ ■ ■ w. 

and if w lbs. he the weight of the shot, and R the resistance of the air in pounds, 

wP]} = R = w ~ = w -y-f . — (11). 

g dP g V / 

Writing = 0, the ballistic coefficient, 

nd:^ 

= (12), 

where 

K = oj X 10'’ (13). 

This value of K is as defined by Bashforth, and the definition still holds good. The 
advantage of the notation is that in the reduction of screen records the retardation r and the 
resistance R is divided into two factors, one of which is the cube of the velocity, the other 
factor is 

Pf, 1 dH 1 

and io - (14), 

dP ds^ g ^ ^ 

which are given immediately by the difference of the screen records, hut as they are very small 
decimals, beginning with seven or eight zeroes, Bashforth found it more convenient to reckon 
velocity iii thousands of f/s, and to multiply 1)y 10''; the formulas for r, R, are thus 

» = &-k(^oT 

■D r K f V P /ms 

g Cg \1000y ^ 

and . 

K = C'|xlO» (17), 

where v is in f/s, r in f/sr. 

dH • * 

The value of - - and hence that of K must be determined from the reduction of the 
dP 

screen records. The method employed by Bashforth is that of Finite Differences, and his 
method is the one now in use for*the determination of v and K from the screen records. 


(9263) 



Method of Finite Differences. 


In the notation of this subject, or _/'(s) denotes the value of f from a fixed point, say 
one- of the screens, to'^iny distance s, to a given screen, for instance; and then h.|.^ or f 
will denote the value of t to any extra distance s + 1, say to the next screen, I feet beyond ; 
and generally, as rec^uired for the problem in hand, fs+.ju or f (.s + nl) will denote the time to 
the rath screen beyond the given screen, and tg^ni or/(s- «i) will denote the time to tlie wtli 
screen in front of the given screen, the screcTis being spaced ecpially I feet apart. 

Again, in the subject of Finite Differences, the symbol A is emplo^yed as a prefix (not as a 
factor) to denote the operation of diff'erencing ; and tlius 

- U is denoted by A^. ; 
or 

+ 0 ./ denoted by A/ (s ) ; 

while 

is denoted by A“4. ; 


A/ {s -\- l)~A f {s) is denoted by A-/' (,s-) ; 


and so on. 

Then, since 


A% is denoted by A%.; 


A% = A/,., -A/, 


: + tn+l+ts 


and similarly, 




A-'/,, = A/,^.2^-2A/,^.^ + Ah. 


• h' + 32 - + ‘Mii + l - h 


and generally, by induction, 


AHg — ntfi +01^1^1 + — i- . ■ 


analogous to the Binomial Theorem. 
Again — 


i/i+i ~ fg + At/., 
fg+il — h-+I + A^s.+i 

- t, + 2Af., + A%, 


K+u = h + 3A!f, 4- ^A% + ms , . 


and general]}’', by induction. 


U-\-nl — 4 ■+• '/( Ah. + 




again analogous to the Binomial Theorem. 



But if ov f i^ + nl) is expanded bj'^ Taylor’s Tlieorem in ascending ponders oi nl, then 


f, + nl = f(^) -h id 


yd^(d/'(^) 

2 ! ^ di^ F! 7/F 1! 'd^l 


The genera], (/•+ ])th, term in the series (19) can be written 
n (a - l)...(;a-7'+ 1) 




Collecting the coefficients of n, w- and in (19), 

+ #1 (1 ^ (1 + j + . ) _ «. (1 + 1 1 j ) 

d+i+i,+-+dn)^ ■■■} 

, , r A% AX , 1 , 4 r ah, \ 

+”T 6 4 +-F” 


( 20 ). 


( 21 ); 


SO that, equating the coefficients of n and n- in these two ditferent expressions for given 
in (20) and (21), 



/ id = At, - -ly + 

dn - - 



m, - A?t, + {iM, - . . . + 2 ( - 1 )'• 1 1 + 1 + 1 + . . . + ^ j ] + • • ■ • 



Witli an unlimited number of screens, I feet apart, and their time records, the successive 
differences of the records can be found according to the following scheme. 

It will be noticed thfit the series of number.s 

C, M,, A%, A%, 

run in a diagonal line .slanting downwards, so that the iweceding formulas (22) ^ind (2d) ai‘e 
suitable for employment at the initial screens of a series. 


14 


1. 

At. 

AH. 


A^4 

Aj‘f. 

A'V. 

A'/. 

A'‘’4 

h~n 

Ats ~ 72 








ta - ei 

AU - 62 

A% - 72 

A% ~ 72 






is - 52 

Ats - 62 

A2i2«-62 

A-^ifs - 62 

A-'4 - 72 

AHs - 72 




ts - 42 

Afs - 42 

A%-62 

A-^2,s - 52 

A**/,? - 62 

A“4 - 62 

A'’4- _ 72 

A"4 - 72 


is - .32 

Ats- 32 

A-/Es - 42 

AHs - 42 

A^'4 - 52 

A^’^s - 52 

aHs- 62 

A’4- 62 

A-"’4'- 72 

is ~ 21 

Ats - 22 

A?h-Sl 

A^#s - 32 

A% - 42 

A'’4 - 42 

A^’i'.^ - 52 

A'4-52 

aHs - 62 

is - 1 


aH.s - 21 


A‘*4 — 32 


A% - 42 


A®4 - 52 

is 

Ats - 2 

AH.S - 1 

A-'*4 - 22 

A^4 - 22 

A'’^ - 32 

A"4 - 32 

A^fe - 42 

A'*4 - 42 


Ats 


A*/5.s' - 2 


A®/,? - 22 


A^4 - :'.2 


is + 2 

Ats + 2 

AtHa 

A=*/s 

A% - 1 

A'a., _ 2 

A% - 2/ 

AHs - 22 

A®’4-32 

is + 22 

A4 22 

AHs + 2 

A*4- 4- 2 

A% 

A'’4 

A'!4 _ 2 

A"4 - 2 

A^4 •- 22 

is 4* 32 

A4 -1- 32 

A-/s -h 22 

A^/.'? 4- 22 

AHs + 2 

A"4> + 1 

A'’/.s. 

A'4- 

A'’4 - 2 

is + 42 


A"4 + 32 


AHs -1- 22 


A'V.., -1- 2 



A + 52 

A4 + 42 

A2^.s- + 42 

A'*/s 4- 32 

AHs + 32 

aHs + 22 





Ats + U 


A‘4 + 42 






ifs + 62 

Ats + 62 

AHs 4- 52 







44-72. 










At the final screens the numhers end off in a diagonal line sloping upwards, 
the typical terms 

■k, A4-Z, ... 

But 

k~l = til- 

= /,-2A/,_; + A%_2;, 


and so on ; so tliac generally 


and therefore, as before, 


t,_„i = yA24_2;- ... 

= /,,~%(A!!,_i + i-A%_2z + AA34,_3^+ ...) 

+ (|A%„2« + |A34-3Z + H ^%-il + ■ • ■) 


I '^= A4_r+-iLA%-2z + ^-A%„3H- ■ 
as 


^ A24_2Z + A%_3Z + iiA%-4?t • 


the formulas appropriate at the final screens of a series. 

But at the middle screens the numbers which run horizontally are typified by 




A%_o;, ... .' 
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Tlie formiibis required are now 


A = + Ay ^ + 


+ |-(A»t_8, + A!>4_j,) ... 


( - 1).' i.(A:^.-v._,,, + A--!.-!) 


- ( - 1 )'- —A ^ - ■ ■ ■ ■ ■ ■ 

the .first (27) luvolviug odd differences, and the second (28) even differences only (De Morgan, 
JJijjh'i’nlial and Tntagrad Ckihulns, p. 544). 

This is proved, if equation (19) is replaced by an equivalent formula, 

=■ #,+«A(.,h- i) a%^,+ ... 

+ - • (2»)- 

Putting 

At, = 

and, generally, 

formula (29) is eqirivalent to 

=. <, + »A(,., + A%_, + 0 +JMlz. 0 A=(,_3, + . . . 

+ lyr- - (SO- 

Taking the half sura of (29) and (30), 

Uni = k + + Af,) + |( A%_, + !_> + A%_,) + . . . 

n (n - r + 1 ) (n _ r + 2) . . . (» + r - 1 ) ^ 

+ A 

and equating the coefficients of n and n- in this equation and in (3) will lead to the two 
required formulas (27) and (28), already stated. 

Having thus determined 

A and pA 

ds d^ 

by the successive differences of the .screen records, the velocity v is the reciprocal of ~~ 


while the retardation 7' is given by 


dv dv d'H .. , 

- -y- = ~‘V -j = as on page 13. 

dt ds ds~ 


Numerical illustration^, taken from the on ExjJerinmds nuido with iho j’Ja.difoiiii, 

Chronograph, ^.0 determme the Besistame of the Air to the Motion of Projcdiles, 1865-1870 and 
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187 8-1 880, or from. A Bemed Account of the Experimsivts made with the IhAifmih (Jhwiograpti 
(Cambridge, 1890), will make the preceding theory more clear. 

The following examples are given by Sir G. Greenbill, to whom is due the 

explanation of the method of Finite Differences given in this chapter and in previous editions 
of the present work, also a great many examples in the 1902 edition of the Text Book of 
Gunnery. 

Round 463, Report Vllf, Table I, has been selected as a specimen for showing the natun; 
of reduction employed, arranged in the scheme annexed, the chronograph records being taken 
to five decimals from the Bashforth CJwmograph, -p. 41, 1890; the date must be added for the 
meteorological record in the calculation of the tenuity factor T, by means of the extract from 
the Hygrometrical Table, ^ 

To obtain velocity to one decimal, five-figure logarithms are required ; but the Slide Rule 
will give the accuracy permissible in the calcnlation of K, v, R, .... which depend on the two- 
figure observed values of EH, 

Round 1 is taken also for its historical interest, October 7th, 1867, in which a solid shot, 
weighing 12 Ihs., was fired from a 3-incli gun, with a charge of 2 H). of powder; the instant.s 
of time Jit which the 10 screens, 150 feet apart, were cut by tlie shot, are recorded to 
4 decimals in the following table, where the time diftereiices are also given. 

Round 1, Report III, Table I, p. 27, Table X, p. 54. • 




Therinonieter. 

October 7th, 1867, 

Barometer. 

Dry. 

Wet. 

10 a.m. 

29-66 

53 

53 

3 p.m. 

29/62 

52 

48 

and Bashforth takes t — 1 • 002, 

w = 12 , 

d = 

2-92, 

r _ «• 

log 0 = 0-1476, 

0 = 

1-405. 


Screen 

t 

Et 

, m 

1 

0-0000 

0-1247 


2 

1247 

1266 

0-0019 

3 

2513 

1287 

21 

4 

3800 

1309 

22 

5 

5109 

1330 

I 

6 

6439 

1350 

20 ! 

7 

7789 

1373 

23 

j; " ■' 8 ■ 

i ' . . ' 

0-9162 

1397 

24 1 

1 <) 

i 

1-0559 

0-1420 

0-0023 j 

i 10 

1-1979 




it will be noticed that the second difference is very nearly constant, and on the a,v'eragb 
equal to 0-0021, or 0'0022, and that the higher differences are illusory; this is because the 
chronograph does not record smaller intervals of time than the ten-thousandtli of a second, 
recorded in the fourth jilace of decimals; an^l this figure is tbeixjfore sulijoct to a, correction, 
which may reach to nearly ± 5 in the fifth place. 
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# . • 

The calculation of % depending chiefly on Af., will be given withiii the unit place by the 
four decimals; but in calculating K the irregularity in must be smoothed dfuvn ])y a 
smoothing figure in the fifth decimal place, to obtain a result in accordance with Bashfortli. 

No fixed method can be laid down fpr this smoothing operation, but convenient way is 
to plot AH to a large scale, say one inch to one ten-thousandth of a second, join up the points 
by a broken line, and then draw a straight line by eye to run as evenly as possible between 
the points ; the corrected values of A® being measured to this line, then A^ will be constant ; 
and Ai is derived by the successive additions of A^ and A®. 

This operation may show an over-correction of t at some screen ; but this can be cancelled 
by sharing it between the screen intervals by a suitable correction in At, left untouched 
before, thus maMng a constant correction throughout of A/J. 

On this method, with Round 1, we shall adopt the corrections of A- as follows :- - 


Hureen. 

t. 

At. 


Correct ion adopted 

... i 





in A"-. 

1 

U -00000 

0 -12470 



■ 

2 

12470 

12681 

0 -00211 

+ 0-00021 


2 

25151 

12893 

212 

+ 2 


•t 

38044 

1310G 

213 

7 


r> 

1 61150 ^ 

13320 

214 

+ 4 

0 -00001 

() 

i 64470 

' 13635 

215 

+ 15 


7 

i 78005 

13751 

216 

- 14 


8 

1 0-91766 

1 

13968 

217 

. - 23 


9 

1 -06724 

i 

0 -14186 

0*00218 

-0 -00012 


10 

1 1 -19910 






This makes /lo = T19910, or 0'00120 above the measured value, and this diflerenee can 
be shared between 9 intervals by a correction - 0-00013 in At ; and now wc find the corrected 
values of i for Round 1 given in the Ghronoyniph, p. 33, as shown here. 


Round 1. 


W umber 
of screen , 

i. 

At. 

aH. 


1 

0 -ooooo 






0 -12457 



2 

12.157 


0-00211 




12668 



-.t 

25125 


00212 




12880 



4 

38005 


00213 




13093 



6 

5,1098 


00214 ^ 




13307 


0-00001 

6 

64405 


00215 



• 

13622 



7 

77927 


00216 




13738 



H 

0-9,16(55 


00217 




13955 



9 

i 1 05620 


0 -00218 



i • 

0-14173 


i 

« 10 

j * 1 *19793 • 

• 




(92G3) 
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Tile ealculafcioii of v and K can proceed now as in Bound 463. 

Round 1-63 is now set out completely; K and^ represent the mean value of K and of p 
obtained from the results of a large number of rounds, 
yiuce 




1000 / 


- - - ■ ' _ K 

■ p" r K: 

for -a- definite velocity == v, and ..... .. - 

■ ■ fi=, 9 - 

r g' 

therefore 

I = '■ K ^ 5 

> p f I C rr’ 

since 


C = 


Ktrrd- ’ 


and here cr is the uncertain factor, hence since cr><r in Round 463, it shows that the coefficient 
of steadiness o- is above the normal. 


Eound 463, Maeoh 7th, 1879. Eeport YIII, Table L 
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In the Bashforth system of measurement two parallel lines are traced & a cylindrical 
drum, which is spun round a vertical axis with a peripheral speed of about 10 to 12 inches a 
second. On one line an astronomical clock marks the seconds, and on the other line the shot 
registers its passage through each screen as it is broken, each record being made by an electric 
signal actuating a stylus. 

The clock mark gives the time scale of the movement of the cylinder, and the problem 
is to determine the intermediate instant of time corresponding to the mark caused by the 
fracture of a screen by the passage of the shot. 

For Bound 479 the distance measured on the paper was as follows, on a linear scale of 
abont 3 units to 1 inch, the record being measured carefully under a microscope : — 


Round 479. 


Seconds, 

Seconds — 
linear 

ineasiirement. 

Screens. 

Screens — 
linear 

measurement. 

1 

16 -576 



2 

49 *130 


1 



1 

73 -856 1 



2 

76 -000 



3 

78 -180 



4 

80 -mo 

S 

81 -410 





5 

82 '640 



6 

84 -910 



7 

not observed 



8 

89 *210 



9 ' 

91-994 • 



10 

94 ‘376 



11 

96 -814 



12 

99 -314 

4 

113 ‘454 



5 

145 -350 



6 

176 -994 




The screen records extend from 73 to 100, lying between the 2-seectnd and 4-second 
record, and it is sufficient to form a complete record in this interval of time to every tenth of 
a second. 

First, the half-second record is found by interpolation, Just as well as if the clock had 
given a record every half-second. 

The record gives — 


t 

s \ As 

i 

A"s 

Ah 

1 

16 -576 

■ 32 -554 ■ 



■2 

49-130 

32 -280 

-0-274 

0-038 

3 

81 -410 

32 -044 

-0-236 

0 -088 


113 -454 


-0-148 




i 31 -896 

, <- 


, 5 

145 -360 

31-644. 

-0-252 


\ ',6' ■ 

176 -994 


' 



in which the negative value of indicate.s th^" retardati«f^n of the drum. 
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Putting TO in formula (19) 


% + — ’^ 2 -t- -^Ao — |■A 2 " 4--j\-,A2^, 

.S 3 .,. j. = S3 4- As - i A 32 + As^l 

1 )( ”-2)^3 , ■ 

3! ' ’ 


%.5 

i s 49-1300 

® JA 16-1400 

-|A2 0-0295 

1 0-0055 

81-4100 

16-0220 

0-0185 

0-0055 

65-3050 

97-4560 

' The time-table now reads : — 

, , , , ' if ! 5 Aj 

a/ Ajt® 

li 2-0 40-130 

+ 16-175 

1 2-5 65-305 

+ 16-105 

3-0 81-410 

+ 16-046 1 

8-5 97-456 1 

+ 15 -998 

4'0 113-454 

-0-070 

0-011 

-0-0,59 ' 

0 -oil 

-0 -048 

; A further application of the interpolation formula (19), with to = ± 4, ± f will lead to 

the clock record for every tenth of a .second, between 2 - 5 and 3 - 6, between which the screen 
records are found. 

Thus for S2.G the expression is 

-i- 

.+2.0 = .^2-5 + 0 - 2A - 0 ■ 08A2 + 0 - 0048A8 ; 

whilst 

%7 - S 2 . 6 -+-IA + t(t- 1 ) A 2 4 t(t- l^HI- 2 ) A3 


= 6‘o.5 + 0 ■ 4A - 0 • 12A2 + 0 • 0064AS, 

and so on, so that 


52.5 I 65 -30500 ! 65 -30500 


n A I S -22100 i 6-44200 



-t- 0-00058 


0 -00070 
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To find the corresponding record for t = 3-5, 3*6, 3-7. ..3-9, make use of formula (34). For 
example, to find Ss-e : — 

3’6 == 4-0- 0-6(4), where 0-5 ~ I, ^ = n, 

then 

^ A ’^(’*'-1)a 9 rt (%- 1) (% — 2) 

Si^nl = 'S4 - nASs + ^ ^ ^ A%.; > ^ A»Si, 

%6 = 113-464-4 of 15-998 + -4^ of 0-048 - of 0-011 
= 113-464- 12-79844-0-00384-0-0004 
= 100-669, 


and then the table reads : — 


Time. 

Eecord. 

A' 

A« 

Time. 

Record. 

A’ 

A^ 

2 -5 

65 -306 

+ 3 -226 


3-1 

84 -624 

+ 8 -211 

-0-003 

2 ■(> 

68-531 

+ 3 -224 

-0'002 

3-2 

87 -835 

+ 3 -209 

-0 '002 

2-7 

71-755 

+ 8 221 

-0 -003 

3-8 

91 -044 

+ 3-207 

-0 '002 

2-8 

74-976 

+ 3-218 

- -0-003 

8-4 

94 -251 

+ 8-205 

-0-002 

2-9 

78 -194 

+ 3-216 

-0 -002 

3-5 

97 -456 

+ 3 -203 

-0-002 

8-0 

1 81-410 

1 

+ 3 -214 

-0 -002 

1 

3-6 

100 -659 




Here is so small that its influence becomes insensible, and the interpolation formula 
reduces to the rule of proportional parts, equivalent to neglecting the retardation of the drum 
in so short an interval of time as one-tenth of a second. 

The smoothed record of Eound 479 is — 


Screen. 

Smootlied 

Eecord. 


A'** 

1 

73 *856 

2 -144 


2 

76*000 

2*178 


3 

78 -178 

■ 

2 -212 


4 

80 *390 

2 *246 


5 

82-686 

2-280 


6 ! 

84*916. 


o 



2 314 

b . 

■'7 , 

87 *230 





2-348 


8 

89*578 

2-382 


9 

91 *960 

2-416 


10 

94*376 

2-450 


11 

98 *826 

2 -484 


12 

99*310 




The screen record in length of travel of the,^rum must now herconvertod into decimals of 
a second, using pro^jortional parts for the interval of one-teiith of a second. 


Thus the rMord 73'866 of the first screen lies in the interval 2-7 to •2-8 seconds, and 
closer to 74 ’9765 the 2'8-second record, than to 71 ‘755, the 2'7-second record; using 
proportional parts, 

73- 856 2'800 

74- 976 ' -0-03477 ^ 


1-120 


0-3477 


h = 2-76523 


3-221 

and so for ^ 2 , • • • • 

The resulting table of time is given by (Oaptain J. H. Hardeastle, late E.A. 



c 

These 
are the 
figures 
used in 
1879 

reduction 

t" - h 

Figures 
published 
in 1879. 

t" 




Screen. 

Smoothed 
records 
trans- 
formed to 
seconds 
by scale. 

Figui-es 
published 
in 1890. 

41 

A8 

1 

2-76523 

0 -00000 

0-0000 

0 *00000 

0*06659 


2 

83182 

0 -06659 

0*0666 

0 -06659 

0*06768 

0*00109 

3 

89950 

0 -13427 

0*1343 

0 *13427 

0*06878 

o-ooiio 

4 

96828 

0 '20305 

0*2031 

0 *20305 

0 *06987 

0 *00109 

7 

, 5 

3 08815 

0-27292 

0 *2729 

0*27292 

A 

0*07096 

0 *00109 
13 

6 

10909 

0*34386 

0*3439 

0 -34388 

7 

0* 07205 

0*00109 


18116 

0 *41693 

0*4169 

0*41593 

6 

.0*07314 

0*00109 

8 

8 ■ 

25432 

0 -48909 

0 *4891 

0 *48907 

0 *074124 

0*00110 

9 

32856 

I 0-66335' 

0 *5633 

0*56337 

0*075'34 

0*00110 

10 

40390 

0 -63867 

0*6387 

0 63865 

0*07644 

0 *00110 

11 

48034 

0 -11611 

0*7151 

0-71509 

0-07764 

0 *00110 

12 

55788 

0 *79265 

0 *7927 

0* 79263 




These second dffieimces 
of (he j/ji!e-figure i-ecords 
being just smoothed as 
shown account • for the 
differerme between the 
1879 and the 1890 reports. 


Second differences slightly 
irregular = 0 -00107 or 111, 10 
or 12. This is due to the trans- 
formation of space into time. 


The figures published in 1890 and 1879 are slightly discrepant, depending upon different 
estimates of the fifth decimal in the screen times or on one hundred-thousandth of a second. 

>See a paper published by Oaptain J. H. Hardeastle, late E.A., concerning Eound 479 in 
the Proceedings of the Pi. A. Institution, vol. XXX, 1903. 

Taking the figures published in 1890 for Bound 479, with d = Q, w = 50, r = 1-014, 
hr ~ 1, and screen 150 feet apart, 

Z = 150', A% =: 0. 

For a middle screen, say the 6th, from (27) and (28) 

lit » 1 /A - . 1 /A.I . AJ. \ 
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uud 


- = 1(0*07096-1- O' 07205) ^0*0715 


^ 0*00109. 


For a final screen, say the 12th, from (25) 


from (26) 


=: A%_^i = 0 * 00110 , 

as 


and for an initial screen, say the 1st, from (22) 
f dk- . 


I = At; - hA:% H- 4A8/, - . , 
as " " 


from (23), 

=: A:% ~ A34 -f . . . == 0 * 00109 : 
ds^ 

the results from Eound 479 for each screen are tabulated thus : — 


Number of screen . . .■ 

1 

2-6 

6 

7-11 

12 

1 

V 

0*06605 


0 *0716 


0 *7799 

log i. 

V 

2 *8199 





log Z (« log 160) 

2*1761 





log V 

3 *3662 





.;f/s 

2271 


2098 


1923 


0 *00109 


0 *00109 


0 *00110 

logglO« 1 

1 *6852 





logC 

0*1367 





logK= Iggj^C^flO^-'J 

1 *8219 





K i 

1 

66 *36 


66 *36 


67 

■ :<r yioooy 

. ! 

24 *14 


19 -O* 


14*65 


. . • i 

776*9 

■ ! 

1 

. 

_ 

612 *7 


, 471*7 / 


881 *2 ■ 


695 

p- : ' .J 

^535 


The method of finite differences is very useful for detecting any irregularity in the 
records or any error in transcribing them ; also it often enables a general formula to be 
deduced for connecting variables in an experiment. 

Tims, to find the formula connecting the figures 4, 11, 22, 37, 56, 79,,, 106 ; — 



here s = 0, and 

> t - („+)iAt,+ A3<„+ ... 

= 4 + «.7+ ^i> i + 0, 


giving 

t =r 4 + 5-;;, + 



(9263) 




n\z 

f 

Ajp 

A-j) 

A^2> 

aV 

I <-*1 t' 

1 ;i i 0 -or) 

2 1 0*10 

3 0'15 

1 '., ; 

! 4 ■ .1 0 •20 

i 5 ! 0-25 

1 ' 1 

0 (=i;u) 

3-40(=:=j;,) 

6 -80 

10-47 

14 -68 

19 -70 

3-40(=A^„) 

3-40( = A/>,) 

3- 67 

4- 21 

S -02 

0 ( = A%) 

0 -27 ( = A2jr?,)i 

0-64 

0 -81 

0 ■27 ( = A=‘i?n) 

0 -27 

0 -27 

■ 

0 


or/; - 0 + ?i(3-40 + 0‘09) + 'ft^(-0'136) + #(-f-^) + 0 
= 0 • 045# - 0 1 35?i2 + 3 • 49ri . 

Eeplucing 20o for n gives 

p - 360^52 - 5432 + 69 • 83, 

which gives the formxila for finding the pressure in a closed vessel for any density of loading 0 . 
If the screens, instead of being equidistant, were placed at distances 


from a fixed origin, and if 


, .S'rt, 

/ 1 , h, h,.: , tn 


denoted the corresponding time records, then, according to Lagrange’s Interpolation .Formula, 
the simplest algebraical expression for f may be written 


(S- . ,) (.-S,)- (S-S,.) 

*('■^1 ~ •■^2) (•'^I " «a) • • • (•'’•i - ■''«) 




(So - Si)*(.So - ,%) ... ~ 


v 

(s,. - Si) (s,. - So) (Sr - Sn) 


a formula which agrees in giving 


- (»' - - ^2) ••• (g - 
{S,i-Si) {Sn-Si) ... {Sn-Sn-if 

t — ti, when s — s-i ; 

I — ^o, when .? = So ; 


t — ty, when i 


^ ~ when s = .s,,. ; 

the asterisk showing the position of the omitted vanishing factors. 

Now to line! and at the rth screen, and thence v and K, we make = 0 by replacing 
any s,, by .s\„ - and then pick out the coefficient of s amf in i. 
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The heavy*work formerly required in the conversion of the time scale is obvkccii ijov/ 
by the use of a timing-fork trace, shown in the diagrams of a record with the chronograph, 
w'hich gives a continuous time record (see Plates I and 11) ; a clironograph „ of tiiis 
kind was employed for the 1902-1906 experiments for finding K and the resistance of the 
air, the time of a complete vibration of the tuning fork being second*(at 55’ P.). 

The upper figure gives the chronograph record of two screens, made each by its own 
stylus, and the measurement on the sinuous time record has been transferred from the first 
indication of the naovement of a stylus. If more screens are employed than two, an additional 
stylus is required for each screen. 

The lower figure shows the record of two rounds on the same plate of smoked glass ; 
and so a number may be taken on the same plate, and measured up at the end of the day. 

The new Ballistic Tables, founded upon the experiments carried out at Shoeburyness, are 
based upon a standard density of air of 534 *2 grains per cubic foot, a standard ogival head of 
two calibres, so that k, the coefficient of shape, is equal to unity for such ogival head. 

The new Ballistic Table is calculated by integration, to be explained in the next chapter, 

by assuming a monomial law for K | 10®j of the form 

K = Xv">, 

in which the index m can be determined by plotting the experimental value of K on a 
logarithmic chart; and the value of m and K adopted in the Ballistic Table re-calculated 
is given in the following table, for each of eight regions of velocity. 

A calculation can be made in one step from one end to the other of a region. 



Region. 

V 


K 

■ E 



5000 


17 ‘6044 

1 



I 


— 1 '55 



. / „ \-l-55 

"P -3290231] a-5g,V 



4000 


24 -8789 

J 

1 

; 


11 


-1 -33 



/ y \-r3S 

[■ [2 -1966702] 



2600 


44 *1221 

J 

1 



III 


-1-5 



■ [2 -2671167] 



2000 


65 *3989 

J 

I 

■ 


k IV 


-1-2 



• [2-1768007] (ijj'jg)'"’ 



1460 


I 95 -4076 

J 

1 



1 'Y 


0 





1190 


95 -4076 

J \ / 

1 


VI 


3*45 


( -7^89459] 



1040 


69 -9392 

1 

'■'f' ','1 

, ... j 

YII 


0 





840 

• 

59 -9392 

J \ / 

1 


VIII 


-1 ’4 





; 400 


169-3627 






^ ,, 




In the a^jove the bracket [ ] signifies the antilogarithm of the iiuraber in the l)racket 
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thu« ill Eegiou VIII [1-67 1701 7] — 46-957, this ^Mng the anbilogarithra of Iw 6717017, and 
fio for the other regions of velocity. 

In Eegioiis VII and V of the velocity, where3840 < v < 1040, and 1 1 90 < r < 1460, a constant 
value of K exists, so that from (14) 


10® = constant, 


constant 


Integrate with respect to s, 


2h + const. 


when s = 0, ^ is equal to ^ if V denote the initial muzzle velocity, and v the remaining 

velocity at the end of a range s feet. 

Therefore 


where is a constant. 

The curve T1T2T3 on the figure (3), or the curve /(s, t) = 0, is a parabola. 

Let OSi - s feet and S1S2 - S2S3 ~ I feet, then S2 being the mid point between Si and vSj 



;uh1 TiT/r,-; ;i p,frahola, the tangent ToQ at T/is parallel to the chord TjT;!, so tbit witli sc 
distance Si,S;< = 2 /, 


- ts 

h T./W-j = fg.i.1 

- - A/, 

~ ^a+ 

1 >also 


== /.+ 

T3W3 ~ 



A% = Afg^.i - Af,s = Tgrn.-i - 

Join TiTo and produce it to L, then, from similar triangles TiT 2 ?'rt.j, T. 2 L)?i 3 , Lriig ~ Tgvh- 
Also TsL = 2 NT 2 and T 3 Q = NT.. 

Therefore 

% A% = (TsL + Lws) -T2W0 == TgL = 2NT2 - 2 TgQ, 


And therefore 


T:,Q = QL = NT .2 = 


The initial velocity when s = 0 is V, and denoting hy (i’l, /]), A), 1'^% the velocity 

and time at .sj, .s.>, respectively, 




f-l — /w- + -.^ + f'O, 

f., = l(,+iy-+^! +i„, 

h = M.s-+30*+ + 4 . 


The average velocity XJ over the distance S\H ( == 2 /) is given by 

4W(j+,,)+|; 

1 _ k-h _ V _ 1 


= -i(~ + from above, 

\Vi V-iJ Vg 

hence 

U - 

so that the average velocity U is the harmonic mean of the initial velocity and final velocity 
over any distance 21, and U is the actual velocity at the half distance. 

This is the rule employed in determining velocity with a ’Boulange chronograph at proof, 
where 2l is the distance in feet between the screens, and Ig, h are the initial and final 
chronograph record of time, so that 


gives the average velocity of the shot between the screens, and this is taken to be the actual 
velocity at the point midway between the screens, but it depends upon the assumption that 
the resistance of the air varies as the cube of the velocity. 
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Fkoof of Mathematical Formulas on page 5 fop. Finding /. 
To find the tenuity factor f ~ -- for an altitude h feet above sea level. 


Take the loot as the unit of length, the pound avoirdupois as the unit of weight ; the 
density of a substance is the weight of the unit of volume, in this case unit volume is 
1 cubic foot. 

Let po, po denote the pre.ssure and density in Ibs/ft- and 
Ihs/ft^ of the air at .sea level ; p, p the pressure and density at 
a height h feet. 

Then, for a small inerea.se of height dh^ieet, let the 
pressure at /id- d/i feet be ^ + 

The pressure at height h is greater than at height 
h + dh by the weight of the column of air, dh feet high (and a 
square foot in section), therefore 



1 p-(-d}> 


\pdk 


[ P 


Also, by definition, 


and 

therefore 


(Ip = -pd/h • . . . I. 

f =: ~ . .... . II 

Th P 

lat Case : If the temferature is comtant. 

‘pv ~ const., or p — A/> 

To == Apo, 


Po 


Suppose the density of the atmosphere uniform throughout and equal to po, then 
To = Pi^) where k is the height of the homogeneous atmosphere, that is, the height of an 
atmosphere of uniform density which will give the barometric pressure. To* 

Therefore 

^ = /i: - 27,800 about, 
po 


and 

from in., 
from 1. and TV., 

hence 

therefore 

from II., 


T - tcp. 
dp ~ kdp 


III. ; 

IV. : 


fe dp _ _ dh , 

j Po p , 0 ’ 


log.^ = 
Po 


P . 

PO * 


f ^ Pp ^ 

ta p 


and TA ~ fS = TQ.e 


. V. 
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'2nil Cime'. S^ippose the rate of dmmufioa of teuijperature comtani per foot upvxirds of the 
atmosphere. 

Ill this case, assuming that the adiabatic law follows, namely — 


and 


Therefore 


Differentiate VI., 


From I and VIL, 


pvy = const. = A, 


p = A/> , 


p<) = ApoV. 


li 

...... vr. 

II 

. . VII 

^p'r-^dp ^ -pdk, 

poy 

Kr-^dp^ - [''esLdh, 

Jpo Jorpo 



y-1 y-1 


\P0/ 


poy~'^ h 

I 

1 h 


since ^ - h, 

y k po 


y 

/• = /is = / 1 - y " ^ . h I 

/,) \ y Icj 


VIII. 




32 


CHAPTEK n. 

CONSTRUCTION OF A BALLISTIC TABLE. 


(1 


The experimental determination of the retidana of fhe ®i- having been ohtamod hy 
tlm expovimenta carried out iu 1903 -1906, the caleulatiou ot a Ballistic lahio can 

cairiod ouh „f velocity, and in the 

sanit! cliaptev it is shown that 


pil ~ Cr - Iv ( iQQQ ) 


(sec (15), (17), of Chapter I), whore 
and K is of the form (see p. 27) 


K - C'fllO" 


^Tkof 

where [Ao] denotes the antiiogarithm of Ao, hence Cr is of the form 

r A 1 / ' ’* = - where n - w 4* 3 

^'•‘\ 1000 / ( 1000 )'^ 

== A]'!';'*' . , . 

Thus, in Region VIII of velocity, for v < 840 


hence for this region 


K = [1-0717017] (j^J 


Cr - [ P 6717 017] ^,- 1 . 4 +a ^ ['4 -87 1701 7] fA*'. 
” ■■ (1000)i « 


In the Region III of velocity 2000 < /’ < 2600, 

K = [3-3671157] (--igp. 


Therefore for this region 


Cr - [* ^‘^ 671157] -1-5+3 

'(lOW" 

= [3*7671157] ^ 


. (i) 
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Tlie following table gives the value of Cr for each region of velocitj^ 


Eegion. 

r 


I 

5000-4000 

[3-9790234] = [Ai] r'n 

II 

4000-2600 

[3- 1865702] 'A'- = [Ao]^^ 

III 

% 

2600-2000 

[3-7671 157] - [As] 

IV 

2000-1460 

[4-7768067] «A8 = [A.^®''* 

V 

1460-1190 

[g- 9795830]# =[A5]r'*^ 

VI 

1190-1040 

[18- 3689459] = [A^J 

VII 

1040-840 

[8-7777107]# =[Ar]#r 

VIII 

840-0 

[4- 8717017] =[As]'c-'-a 


The above values of Cr are for a standard jjrojectile of 2 calibres ogive, moving under 
standard conditions in air of standard density, and these values of Cr are required for computing 
Ballistic Tables given at the end of the book. 

To find t, the time it takes in seconds for the velocity of a projectile, d inches in diameter 
and weighing w pounds, to fall from any initial velocity, V f/s, to any final velocity, v f/s. 

If dt seconds is the time during which the resistance E of the air causes the velocity to 
fall (fo f/s, so that the velocity drops from v-\-^dv to -v-^dv in passing through the mean 
velocity r, then, in accordance with the laws of motion, 

E di = loss of momentum of the shot, in second-pounds 


// d ' 

R = nd-p 


and from (7 ), Chapter I, 
lienee 

nd? pg pg 
_ dv _ dv 

0 pg Cr ‘ ‘ ■ 

where 0 is the ballistic coefficient of the shot. 

Since r is a retardation and v decreases as t increases, then with dt, dv very small, 


(3); 


(3), 


dv _ dv 
[A]W"' i; CV’ 


c dt _ dv _ r 

1,0 Jv Cr +J, 


(4). 


wdiich is employed for calculating Table II, and if V and v are both within the same region of 
velocity, th^ integration ?;afi be egrried out*at one stepj if V and v are in different regions 
of velocity, two (or more) integrations will be required (see p. 37). 

(9263) E 




Next, if tbe shot advances a distance th feet in tlie time iff seconds, during whidi the 
velocity drops from f -f | dv to v - dv, 

E . ds =- loss of kinetic energy in foot-pounds 
,, i ,f, O’:' i '/'O" ,,, . 

2;/ 2(1 ij 

so that 

, w V dv v dr 

dx y., - O , 

ndd j tq pg 


da _ vdv __ ^ dv 

0 pg ^ Cr ,>*■■■ 

and the distance s feet througli wliieli the shot advances whilst its velocity drops from the 
initial V f/s to the final v i/s is given by 


giving 


f*''’ __ f” -- j — 

J„C ''Or " Jd'[A]»“ ^ , 


(h 


= S(V)-S(v0 = 




which is employed for calculating Talde III ; as before, if and v arc in tlie same region of 
velocity, one integration only is necessary, but more tha,n one if these are not in the same 
region (sec p. 41). 

A third talde (Table IV), is useful for determining the (ilumge in dii’ection of inotion of 
a projectile while the velocity drops from any initial value V to any final value r. 

To explain the theory of tliis talde, hit tlie tangent at the point of the trujectoiy, wluire 
the velocity is v, make an angle i ra,dians wdtli the Innixoii. 

Then, if dl denotes the infinitesimal (fcrrmivnt ot i in the infinitesimal iucrenuint of time dt, 
resolving normally in the trajectoiy (see Nofea on. .Dijiinmiva, ‘Jnd edition, 1908, Sir U. 
Greeuhill, piildished I)y Wyman and Sons), 

di . 

V ~ (I cos I . . . • (0- 

This may be proAmd in the following maunei’ : Suppose that in passing through the 
point P on tin; trajectory, wlicre the inclinatioTi is i radians, the velocity drops from 

V + 4 Av to v - jiAi) f/s, 

as the shot passes from Q to E, where the inclinations are 

i + 4 M and i radians. 

IMeasnre oft' the length TU and TV from T, the point of intersection of the tangents at 
Q and E, to repvresent to scale the velocity at Q and K; then UV represents to t!ie same 
scale the chan(j& invclocUy in passing from Q to E. 

Draw XJW vertical, and VW parallel to the tangent at P, so as to form the 

triangle UVW; then, on the assumption that the average resistance of the air acts in the 

direction of the tangent at P, the triangle of velocity UVW shows that UW ]'e])res(mts the. 

change in velocity due to gravity, and WV the change flue -to ihe resistance of tfie air ; so 
that if the shot takes At seconds to pass from Q to E, wo may put 

UW = f/A^, 

WV = vAi, 

if r <lonotes the average retardation due to the resistance of the air. 
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issuffici(mtly tla{,£u^^ i fco f.e ro])lnco(l hy unity, t.lu-n, .iinu* / .liniinishcH 
iiR t inci'oases, thf3 curve QlM’v, being concave downward, (7) l)CComes 

.^1<U ( 8 ). 


di 

^ dt ' 


- (j, or Ui = 


where r denotes the nnsan velocity during a very ainall hiereniciit of tune r//, during which the 
direction of nioLiuii of the shot changes through di- radians. 

If the inclination 6, or change of direction do, be in, degrees, then 

1 and 


180 


The formula 


di 

^' cli ■ 


- d 


may also be proved thus 

" The arc Qli is feet and the cniwature of this arc is di radians, hence the moan curvature 
nor fof»t is radians, which may he taken as the curvature at 1*. 
ilesolve along the normal at P, where the velocity is v? f/s. 


---= f/ cos ?, 


where f> is the radius of curvature and is equal to - 'A- ; the negative sign is taken because i 


decreases as s incroascs. 
Therefore 


giving 

and when i is small, 


o di ■ 

di di 
(If ' (h 


- f/ cos / 


.-r/cos 

dt 

di - - '^dt, 


as before. 

Employing this formula with that previously proved 

dt _ dv 
0 " Cr’ 


where C 

is the ballistic 

coefficient, 

di 

{/ dv 


hence 



0 

V 1 0 dv \ 

V Gr ' 

it d '} 


p di 

f" - 



joC 

" V V Cr] ■ 

Jv 

V Cr’ 



i 

f'' a dv 

ft 

p' dv 



G 

[A] 

1 ^ 

giving 


i 

U 

^I(V) -I(.) 

= !( 

fg d..v . 
yV Gr ) 

which is 

employed for 

calculating 

Table IV. IfV 

and ? 

1 both lie in the same region of v( 

only ont 

I integration h 

i nece-ssary, 

but more thap 

one i: 

f those do- IIP t lie in iJie saiue re; 


(9), 


velocity, see p, hk 
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Table IL 

Time t seconds between Yeloeitj' V and v f/s. t ~ 0 (Ty - Tp). 


f, _ y dv 

c “ t a- ^ 

t 


dv 

.[A]^ 


from p. 33, 


^ _L J V 

C ■ [A]l + 

J J_ - 

[A] ('?i- ^ V* 


.}■ 


where Y is the upper limit in each region of velocity. Thus in Begion I, Y is 5000 f/s and v is 
the variable velocity. Therefore 

2 ^ 


-Bt, 


■tt'here is a constant for any one region of velocity, and considering Region I vfe have 
4000 <r< 5000 f/s. 

[A] = [Ai] = [S- 9790234], 


n ~ % 
B, Bi 


■■ 1-45, 


0 • 45 [S- 9790234] (SOOOf^' 
log 0-45 = i 65321205 
[Ai] = 3-9790234 


therefore 




S- 6322359, 

: - 2-3677641. 


Hence in Eegion I, 4000 <?;< 5000, 

t ^ 
C 


= 0-45[Ai] 

0-45 log 5000 = 1-6645365, 
logBi = 0-7032276, 
Bi = 5-0493. 


[2 3677641] 'zro-45_ 5.0493, 


where v may have any value from 4000 to 5000 f/s, and so the value of -i- is found for a fall of 
velocity of 5000 to any other velocity down to 4000 f/s. 

Begion II, 2QQ0<v <4:000. 

[A] = [Aa] = [S-1865702], 
n = n .2 =1-67, 


1 ■ 

d 0-^7[3-1865702]#«7 


- (a constant). 
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To find B;i, wo must have the value of ^ for v = 4000 f/s in Eegion 1, 
V = 4000 f/s ill Kegion II, henee 

[2 • 3677641] (4000)"*^"“^ ~ 5 • 0493 

must bo equal to 

- Bo. 

0-67 [S- 1865702] (4000)«-67 

2-3677641, 

0-45 log 4000 = 1-620927 

Difference = 0*7468371 = log 5-5826, 
5-6826-5-0493 = 0*5333. 

-Tog Ao = 3-1865702; 
log 0*67 ” 1*8260748 

Sum = Fm26450, 

w J- - 2-9873550 

” 0-67 [3-1865702] 

0-67 log 4000 = 2-4133802 
Difference = 0*5739748, 

- antilog 0-5739748 = 3 


and 

Again, 


therefore 

therefore 

Hence 


o'- 67 [3 ■ 1865702] (4000)«‘>7 

0-5333 = 3-7495-B 
Bo = 3-2162, 


so that ill Begion 11, 2600<r<4000, 


= [2 - 9873550] - 3 - 2162. 

J 

Begion III, 2000 <«< 2 600. 
[A] = [As] = [S- 7671.157], 
n — wa =1-5, 


and 


t 




-Ba, 


and Ba must he found in similar fashion to Bo, the value of 1 for ■ 
being made equal to that in Region III for a like velocity. 

Therefore 


fi'om which 
Also 


1 „B3= [2-9873550]1:2600)”'' 

0-5[3-7671157](2600fs 


Ba = 4-9175. 


0 -5 [1-7671157] 


= [2-53?9143],‘' 


the same as that for 


-7495. 


y = 2600 f/s in Eegion II 

07-3-2162, 
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hence iu Eegion fll, 2000 <i>< 2600 f/s, 

1 = [2-5339143] iro-5-4-9175. 

L' 

For the remaining five regions of velocity, similar calculations are made, 'jrtie summary for all 
eight regions is as follows ; — 


Region. 

V 

Tsooo-T, - T, 

\ 

5000-4000 

[2- 3677641] 5-0493 

II 

4000-2600 

[2 - 9873550] 3-2162 

III 

2600-2000 

[2- 5339143] r-O" - 4-9175 

TV 

2000-1460 

[3- 3201033] y-o-s - 2-0505 

V 

1460-1190 

[ 6 -71 93870] tr 2 + 1-6373 

VI 

1190-1040 

[16- 8946576] 3-9800 

VII 

1040- 840 

[6-9212593]-e-2 - 0*9022 

VIII 

below 840 

[3- 3501470] '^ro-o -28-4874 


In Table 11, T 5000 is given the value of 113, an arbitrary Imt convenient niim])er, which 
ensures that all values of T„ are positive. 

Therefore 

T. = T50rto-TV= 113-TV 


E'xamphs : — In Region VIII, put v — 100 f/s, 

® T'loo = [3 • 3601470] ( 100 ) -O'O ~ 28 • 4874, 

3-3501470 
0-6 log 100 = 1-2 

Difference = 2-1501470 = log 141 -301. 

herefore 

T'loo = 141-301-28-4874 - 112-814, 
Tioo = 113-112-814 = 0-186, 

and tins is the actual Amine for Tioo in Table II. 

From the difference for 1 f/s in the formula for T® AAm have 

Tioo- 0-186 

A - 0-841 

Tioi = 1-027 
A = 0-828 

Tio?. - 1 • 855, and so on, 

■■ ■ ■ ♦ ■ ■ " ■ 
and these are the values of Tioi, Tjos, ... in the table. 
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Therefore 

Hence 


Again, in Region 1, put v ~ 4000, then 

TW - [3 ■ 367764] (4000)-o-^^' - 5 • 0493, 
2-367764 
0 -45 log 4000 - 1-620927 

Difference = 0-746837 = log 5 -58256. 

afore 

T'4000 = 5 - 58256 - 5 • 0493 - 0 - 53326 = 0 • 5333, 

;e , 

T.1000 = 113-0-533 =-- 112-467. 


wliicli is the actual value of Tiodo found in the table. 

So for any other value of 'r ; thus in Region II put r = 2800, then from the formula for 
T'y we get 

T 2S00 ~ 1-546, 

giving 

T2S00 = 113- 1-546 = 111-454, 

the value found in the table. 

The Ballistic Table for TV.,, as constructed ])y the integrals, pi-esents the function as 
decreasing as the velocity increases. It is more convenient to have T,, increase with tlu; 
velocity, and this can bo done by direct subtraction from o- roiDifani ; this can l)e done without 
in any way affecting a Gunnery problem, because the absolute value of T,, is never required, 
but onlj’’ the difference such as Ty-T,,; hence the suitable value of 113 i.s given to the 
constant, from which are subtracted the various values of T'^. 

Table 11 for T,. mmht be compiled by the tinite difl'ereuec employed hy I’ashforth for liis 
Ballistic Tal3le.s. 

From the formula 

df _ dt‘ _ do 
G 'im Cr ’ 

if 10 f/s intervals be taken for the drop of velocity over any interval, then writing 

At Av 10 * 

= - = — , see (3), 

C pg pg 

the increment ilf for any velocity is found as soon as the pg is obtained from Table 1 

for the recpiired velocity ; thus : — 



- 

t> 

il 

1 0 

T 





20U0 


1 

liO-272* 


2005 

0-01904 1 


2010 

2015 

1 

0-01890 i 

110-291 

2020 

2025 

0-01876 

110-310 

2030 



110-329 


2035 

0-01862 


2040 

2045 

0-01849 

110-347 

2050 



110-366 

— 


— in — 



* This value of T^dj, 

is quoted from Table 11. 




Table IIIV 

Distancti 5 in feet between velocity V and ■?; f/s, s = C(8v-Bej. 
s _ ^ vd v ^ p' rdv _ 1 p’ d v 

c " “ J.[a]F‘ ■" [riJ«^’ 

1 +1 1 . 

[A]t- 'n + 2J p ('ft - 2) [A] r*"2 (ft - 2) [A] V""" ’ 

^ ^ + !___ _ B 

(ft-2y[A]ft«"2 

where may be taken as constant for any one region of velocity, and V is the upper limit in 
each region of velocity ; thus in Itegion. J Y is 5000 f/s and v is the variable velocity. 

Consider Kegion I, 4000 <•« < 5000 

[A] = [Ai] = 3-9790234], 


Therefore 


therefore 

therefore 


-B, - - 




ft~2 - -0-55, 

+ 1 

0 •'^[8 • 9790234] {5000)'«'^ ' 

log 0-55 = 1-7403627, 

[Ai] = 3-9790234 

3-7193861. 

= = 2-2806139, 


’ 0-55[Ai] 

0-55 log 5000 - 2-0344335, 

log (-B.,) = 4-3150474 = log 20656-06, 

-Bs = 20656-06. 


Hence, in Region I, 4000 <v< 5000, 


^ 20656 • 06 - [2 - 2806139] 


Region II, 2600 <v< 4000. 

i =: Zl -B,. 

C 0- 33 [3- 1865702] a-o-ss 

The value of .s-.jo()o oljtained from this must equal that got from Region I of velocities, 


hence. 


ZA -Bs = 20656 -06 -r2- 2806139] (4000)0'5^ 

0- 33 [3-1 865702] (4000)-0'33 


log 


= 3-2949159, 


0-33 [3- 1865702] 

* log (4000)»‘8» = 1 • 1886798, 
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i'2 


thcrciV,- 

also 


tbevefore 

and for Ket;'ioji IT, 


■’0-33[A2](4000)“' 


- = [4*4835957] = log 30460*58, 


0*55 log 4000 - 1*9811330 
add 2*2806139 


4*2617469 = log 18270*35, 

.30450*58 - B., = 20656*06 - 18270*35, - B, = 3*2836*29, 


i = 32830*29 - [3* 2949159] 
0 


For Fcf/ion III, 2000 < -r < 2600. 

^ - - B 

0 ~ 0*5 [3* 7671157] ?ro*5 

= 23855 * 06 - [2 * 5339143] #5, 

and so on. 

The results in tabular form are : — 



Region. | 

V 

S 5000 •“ ^0 = S'i, 


! 

I i 

5000-4000 

20066*00 - [2*2806139] 

! 

II 

4000-2600 

32830*29 - [3 *2949 159] #33 

i 

III 

2600-2000 

23855*06 - [2*5839143]#“ 


IV 

2000-1460 

46791*21 - [3 *9221633 ] #2 


V 

1460-1190 

[7* 0204170] r-i + 3717*23 


VI 1 

1190-1040 

[16 * 9826941] + 10545 * 79 


VII 

1040-840 

[7 * 2222893] - 1891*20 

1 

VIII 

below 840 

67623*71 - [3*5262383]#*^ i 


111 Table III, S 5000 is given the value of 50000, and 
= Sr,ooo ”• S'o 

Fmrapks .-—In Eegion VIII, for r < 840 f/s, put 

100 , 

S'loo = 67623*71 - [3*5262383] (lOOf^ 
- 46428*5, 

therefore 

Sioo = 50000 - 46428*5 = 3571*5, 
which is the value found in the Table. ^ 



4.3 


Sioi = 3656-1 
Difference for 1 f/s == 84*0 

.Sio 2 = 3740-1, &c. 


S 2 S 00 (Region II) = 50000 - 32836-29 + [3-2949159] (2800)"^^ 

= 50000 - 5766-9 = 44233-1, 

and so on. 

By means of this process Table III for S« gives a function which increases as the velocity 
increases ; an^ since in Gunnery the absolute value of S„ is not required, but only the difference 
such as Sy ~ S,j, the subtracting of S'e from the constant 50000 presents the table for S„ in 
the more convenient form. 

In a similar manner to Bashforth’s, the method of a finite difference of 10 f/s drop in the 
velocity over any interval could be employed for the construction of Table III for Su thus : — 
Talcing the value of pf/ for any required velocity from Table I, also see (5). 



15 

10 

^ _ v^v _ lOr 



1 

pg 

P9 Ml 

1 

2000 

i 

2005 

0-01904 

38-180 

41435-7* , 

1 2010 

t 

2015 ; 

0-01890 

38-084 

41473-9 

2020 

2025 

0-01876 

37-990 ; 

41512-0 

2030 

2035 

0-01862 1 

37-897 1 

41550-0 

2040 

2045 ! 

0-01849 ' 

3/ - S04 j 

41587-9 

2050 

1 ! 


1 

41625-7 


* This value of Sjuuy is quoted from Table III. 




Table IV.— The I (?’) Table. 

= I (Y) - 1 (/>) or tan </. - tan 6 ^ 0[l (V) - I (r)]. 

Vi ' o C 


^ P’ ih 


- 


g 


From (10) 

i (V) - I (») - j ^ v» • 

In Region I of voloeitiea, 4000 <r< 5000, 

11 - n-i =1-45 
[A] - [Aj] - [3 '9790234], 

Y = 5000 f,'s, r is the ^mriahle velocity; put 


and 


r(.r) == 


Hi [Ai] 


: - B,-, 


■where B; is a constant, which disappears in I (o) - 1 (r'). 
In Region I take B; = 0, therefore 


r(r) = 


1'45 [3*9790234] 


For the computation of taldes such as the double entry table, the values of 21 ('/;) are 
required; for this reason it is found to involve less labour to calculate 2l ('i;) at first, and to 

halve this for the table giving 4 = 1 (Y) - I (r). 

(j 


For Region I of velocities, 


2r(r) = 




therefore 


1 * 45 [3 • 9790234] ’ 

log [Ai] = 3 9790234, 
log 1*45 = 0-1613680 

2-1403914, 
log2r/ = 1*8087615, 

log -yf-. = 3-6683701, 

Y^Wi[Ai] 

2I' 0^) = [3 • 6683701] W-1-4S. 


and 


Ikcjion 11. of velocities, 2600 < ■?;< 4000, 
[Aa] = [3-1865702], 
n = n-i = 1-67, 

2(1 


MAs] 


= [4-3994748],^ 



45 


hence for v ■ 


4^00 


/s 




nriiT 


giving 


henc 


7i7pi](4000)i^^5 - ;^[A2]'(4^)1'' 

0-037886 - 0- 024212 -B,: 

~B/ - 0-003674, 
e 

21' (r) - [4 - 3994748] + 0 - 003674. 

The value of 21' (a) for each region of velocity is as follows ; — 


E^ion. 

V 

21' (a) 

I 

5000-4000 

[3- 6683701] 

11 

4000-2600 

[4 ■ 3994748] + 0 • 003674 

III 

2600-2000 

[3- 8655545] -0-001960 

IV 

2000-1460 

[4- 7766823] r-i-s +0-011713 

V 

1460-1190 

[8- 3520572] 'r-3 +0-059897 

VI 

1190-1040 

[1 8 - 6302559] + 0-131293 

VII 

1040- 840 

[8- 5539295] r-s _ 0-038958 

vni 

below 840 

[4- 7329398] -0*567525 


From Begion VIII, for v ~ 500, 

21', 0,) = [4- 7329398] (500)-i-‘’-- 0-567525 
= [0-4145878] -0-567525 
= 2-59769 -0-5675-25 
= 3-030165 = 2-03017, 

I'soo = 1-015085, 

I'soi = 1-01094, 

I'ooa = 1-00681, 

I'503 = 1-00271, 


and so on. 

From Eegion 1, 


IVjoo = 0-013943. 


Since differences of I (r), such as I (v) - I (u), only are required in practice, the value of 
I500 is taken in Table IV as zero, and for other velocities we have 

1,00 = 0 , 

1.501 = 1-015085- 1-01094 = 0-00415, 

Ir, 02 = 1-016085-1-00681 = 0-00827, 

1.503 = 0-01238, 


Itooo = 1-015085-0-013943 = 1-00114, 


These a?e the values found in tSe Table lY. 
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f 

1?ho aijiovc prucosfl, put into the form of ii formula, is 

I,- -= I [2 ■ 03017 - 21' (?;)] - 1 * 015085 - I'v 
or 

aud by means of this Table IV the I function inci'easos with the velocity. ^ 

By taldng intervals in which the drop of velocity is 10 i/s, as was made by Bashfordi 
in compiling his tables, the !,> table can be calculated thus: taking logf/ = 1' 50773 or 
g = 32*19. 


V 

V 

M _ 10 

C pg 

Ai _ </ 10 

0 V pg 

1. 

2000 




0 * 97505* 


2005 

0*01904 

0*000306 


2010 




0*975356 


•2015 

0*01890 

0*000302 


2020 


1 


0*975058 


2025 

0*01876 

0*000298 


2030 






1 2035 

0*01862 

0*000295 

^ 'T 

2040 

1 



^^^97625 


2045 

0*01849 

0*000291 


2050 



i 

0*97654 




* This value of loooti is quoted from Table IV . 
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Table Y for “A,” the Altitude Function. 
By clefinitioii (see Chapter lY, p, 64) 


Therefore 


since 

and 


Cr = [Ay\ 


21 (V): 


n [A]^'' 


- B;, 


where Bi is a constant which has already been found for each of the eight regions of velocity 
Therefore 


Therefore 


2 A(r) = 


2 -g 4 

n[Af ^ 

B; 

[A] 

f ' il - B« 

% 


B,: 

2 w( ?i - 1)[A]V» 

i-n 

(n - 2) [A]r 

g 


Bi 

n (n - 1 ) [A] 2 r 20 x- 

”) 

(n-2) [A]r»~^ 


■ 


- Ba, 


where B^ is a constant to be found for each region of velocity. 

The explanation of the altitude function A (d) is left for a later chapter ; the actual value 
or definition is stated above, and from such definition the compilation only of the A table can 
be proceeded with. 

“A” Table for Region I, 4000 < v < 5000. 

» 

For this region Bi is zero, and 

n == 111 = 1’45, [A] = [Ai] = [S -9790234], 

hence the term containing B/ disappears and 

9 A = ^ B 

" l-45xO-45[S-9790234]2#9 

Take 2 A 5000 equal to zero, then, since 

- 5-7351042 1 


theiefore 


xO-45 [AiP 

0-9 log 5000 = 3 -32907 300 J 
log B„ = 2-4060312, 

Ba = 254-701, 

and for Eegion I of velocities, 

*2A» = [S*7351042>-o-9 -- 254*701 


>differenee = 2-4060312 



48 


“ A ” TaUe for Region II, 2600 < -v < 4000. 
c [A] - [A.] = [3 •1865702], ./i = w, = 1-67, 

“ (?i2 - 2) ~ 

B; _p 


1 • 67 K 0 • 67 [As] V-34 (-0*33) [As]^-"’"^ 

log 1-67 = 0*2227165 
log 0-67 = 1-8260748 
2 log As - 6-3731404 


log</ ^ 
Difference ■ 


6-4219317 


. 1-5077315 I 
= 7-0857998 J* 


Hence first term is [7 - 0857998] 

log 0-33 [As] = 4-7050841 
log Bi = log 0-003674 = 3-5651392 
B/ 


therefore 


iogr 


: 0-8600551 J 


^0-33 [As] 

Hence second term is [0- 8600551] therefore 

2 A„ = [7 - 0857998] - [0 - 8600551] 

To find Ba, the value of 2A40U0 must be the same whether obtained from Eegion I or from 
Region II, hence, putting v = 4000, 

[5-7351042] (4000)-“''-' - 254-701 - [7-0857998] ( lOOO)-!-^^ - [0-8600561] (4000)0'83 - B«. 


0-9 log 4000 = 3 -24185400-1 
5-7351042 I 

log 311-351 = 2-49325020J 

311-351 

264-701 


56-650 


7-0857998-^ 
1-34 log 4000 - 4-8267604 I 


log 181-568 = 2-2590394; 

0-33 log 4000 = 1-1886798' 
0-8600551 


; 111-876 = 2-0487349, 

181-568' 

111-876 


69-692 


so that 


56-650 = 69-692-B«, 


Ba » 13-042, 



and the law for Region II of velocities is 


2A (r) = [7 • 0857998] ^’'34 _ [0 • 8600551] _ 13 • 042. 


The law for the other regions is found in a similar manner : — 


Region. 

V 

2 A(r) 

I 

5000-4000 

[5- 7351042] v,ro-f -254-701 

II 

4000-2600 

[7- 0857998] [0-8600551] - 13-042 

III 

2600-2000 

[6- 0984388] r-i + [1 -8261704] d' -- - 303-331 

IV 

2000-1460 

[7 • 7957556] - [1 - 9908314] d''--^ + 474 - 926 

V 

1460-1190 

[14- 7704142] r-* + [5-7978221] + 35-262 

VI 

1190-1040 

[35 - 2238835] + [16 • 1009356] 4- 546 -710 

VII 

1040- 840 

[15- 1741588] - [5- 8128860] /ri + 586-340 

vni 

below 840 

[7 • 7820568] + [3-2802233] d^'-^ -44114-15 


The value of A{v) obtained from these laws decreases as the velocity increases. Table V 
is made out for a function Ap, which increases a.s the velocity increases, and also A500 =0. 

The direct conversion cannot be carried out by the same simple method emploj^ed by I,., 
because xiy - A.« is a direct function, not of ly - 1® or AI, but of the absolute value of I« at any 
point. 

Let S'y, Ty denote absolute values as obtained from the integration formuhe on pp. 42, 45 ; 
let Sh, ly denote the values got from Tables III and IV. 

Let 


Now 

where 

Therefore 

Integrate 


L, = 

k = 1-015085, see p. 46. 
d(A'y) - 

A 50, J -Ay — h (fe 500 — S „) — { A(5 oo) — A(y)} , 


where 2Ao-,uo) and 2A^,,, are the values got direct from the integration formulae given just 
above. 

Put 

Ay — A 5, HI — Ay, 

then 

Ay = 4 [2/.' (S'5«> - S'y) - (2 A,„h„ - 2 A, ,.,)], 


in which S'5,,,,, S',-, 2A,5o,i|, 2A|,,„ are got direct from the tabular formulae on pp. 42, 49, and 
2/u = 2-03017, since 8500-®])*= f^noo-Sp, this difference can also be got direct from Table III. 
The values of Ay found from this formula are those in Table V- 
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no 

E.i'amrih, 1. — To calculate A,-,,n for Tal>le Y : — 


S'™, = 27275 -31 

2 A,, mo = 

13722-16 

S'c, = 24222 -SO 

SAjcoio = 

8589-07 

AS' = 3052-51 

Difference = 

5133-09 


log AS' = 3-4846571 
log = 0-3075324 
log {2fc. AS') - 3-7921895 
2;i. AS' - 6197-11 1 
2A(r,nm — 2A((!im) ~ 5133- 09 J 
2Ac„„ = 1064-02 
A,,„= 532-01 

Example 2. — To calculate Asm, ^ — 

S',m, - 27275-31 2A(m,o) = 13722-16 

vS'sm, - 18929-84 2A(,(«,^= 3397-75 


AS'- 8345-47 2 AA^., = 10324-41 



log AS' = 3-9214508 
log 2h = 0-3075324 


log (2/.: . AS') = 4-2-289832 
2/.- . AS' = 16942-721 


2AAm„ - 10324-41 


Eomaph 3. — To calculate Aj; 


27275-31 


12451-70 


AS' = 14823-61 


2AA„ = 12879-49 


4-1709539 


0-3075324 


4-4784863 


27iAS' - 30094-45 


12879-49 


2A„ - 17214-96 
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/Is an- emni-ple, calculate Aijou : — 


wHcli may be written 


■^e — i' [2^^ (S 500 — & i:) — {2A^5„0) “■ 2Ajp)}], 

= |[2/b(S',„o„-S'„)- {3Aa„„ot-34o,}], 

4- 'I [2/i’ (S 500 — S luoo) — {2 A(5(t0) — 2 A( 1 ,) 00 )} ]j 

Aj; = A i) 4- AlouO) 


A', =: I- [2^. (Sbooo - s'„) - {2 A,ooo, - 2A,o,}], 
S.ooo = 14792-38 2 Aaooo) - 1429-72 

S'louu - 12461 -68 2Aa«oo) = S42 ■ 67 

AS' = 3340-70 3AAe,;, = 587-05 


log AS' = 3-3693458 
log 2k = 0-3075324 


Therefore 



Aio»« = 8607-51, 

which is practically as found before. 

Table V for At, could be calculated by means of Tables I and IV, by taking intervals of 
10 f/s drop of velocity, as was done by Mr. Hadcock, who calculated the altitude function 
from the formula 

AA = A„ == I, = I, AS,,. 

FOO py ' 


V 

1 

i 

1 


AS./ 

AA = h AS„ 

A.,; 

2000 

2005 

1 0-97520 

38-180 

37-232 

12309 -13t 

2010 

: 2015 

1 0-97551 

38-084 

37-151 

12346-362 

2020 

2025 

0-97581 

37-990 

37-071 

12383-513 

2030 

; 2035 

0-97610 1 

37-897 i 

36-992 

12420-584 

2040 

i 

' 2045 

p- 97639 

37-804 

36-912 

j 12457-576 

! 2050 


i 



12494-478 


Tlicise values of AS^, are obtained from p. 43, in calculating S-^ by finite differences inctliod. 
t Tiiia value of A^ooo is quoted from Table y. 

ISlo'i'E.—For calculatioi?oFthe double-entry Table VIII, see p. 79. 
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CHAPTER III. 

THE UNRESISTED MOTION OP A PROJECTILE. 


In ordinary problems of direct fire, the attraction of gravity is a force which is usually small 
in comparison with the resistance of the air, and may therefore be left out of account in a first 
approximation to the solution of these problems. In high-angle fire with low velocities, the 
reverse eonrlitions hold good, and the force of gravity is iiiueli greater than the resistance of 
the air, and the latter may (as an approximation) he left out of account when compared with 
the force of gravity. As an example, take a projectile weighing 100 lbs. and ^ inches calilwe, 
fired under standard conditions of air density, shape and steadiness ; then from Taljle I, p. 149. 


V 

E = pd^ Ihs. 

Weight ill Ib.s. 

400 

0-337 X 36 = 12-1 

100 

520 

0-512 X 36 = 18-4 

100 

800 

1-02 X 36 = 36-7 

100 

1000 

1-86 X 36 = 67 

100 

2000 

16-25 X 36 = 585 

100 

2400 

21*36 X 36 = 770 

100 

2800 

27-26 X 30 = 980 

100 


On the assumption that the resistance of the air may be disregarded for high-angle fire 
with low ^'elocities, a fair approximatiou to the trajectory is obtained at short ranges, as with 
howitzer and mortar fire. 

Supposing E, the resistance of the air, and therefore also r, the retardation it produces, to 
he zero, 

« W- 

S= <')• 

Integrating these equations with respect to b .supposing the shot is projected from the 
origin 0 with velocity V f/s at an elevation a, 

= a constant = V cos a . . . ... . . . . (3), 

dt ^ ^ 

~ a constant - = V sin a - .7/! . . . . . . . . . (4). 

Integrating the equation (3) and (4) again with respect to t, 

iK = cos a . . . * (5), 

ij == Yt sin a- yt- (6), 

no constant of integration being required if the time of flight, t, is reckoned from the instant 
the shot leaves the point of projection 0; these are the equiyicyis employed in Chapter 11, 
Fart I. « ' ■ ■ 
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and, substituting this value of t in (6), 


Treating this equation as a quadratic in x, by writing it 


« n . 2V2 

— 3a; — Sin a cos a ~ — ii cos- a, 

9 9 


and completin^the square in a;, then 


vhich is of the form 


/ V- . \2 2V2 „ / V2 . \ 

— sin a cos aj = — -- cos- a ™ sm^ aj , , . . . (9), 

(, c -//.)2 == ( 10 ), 


tlie equation of a parabola (fig. 1) whose axis is vertical, and vertex A at the highest point 
{hy k)y where 

. V2 V- 

A, = _ sin 2a, k = ~ sin- a . (11) ; 

2ff 2g V / » 


also the latus rectum or parameter is 


p = cos- a ~ 4AX . 
9 


the trajectory is therefore a parabola, as first iiointed out by Gralileo, in 1638. 
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Tlie co-ordinates of tlie focus F are 

h = NF = ^ sin 3a . (13), 

ys y2 y2 

' k- 4i? = — sin^ a - — cos^ a = - — cos 3a ; 

2g 2g 

and the lieiglit of the directrix HK is 

= i + (U); 

and 

Ar-;j-y, NT = re- A 

so that 

== latiis rectum = ~ cos^ a , (15), 

AN' g 

the property of a parabola. 

Denoting by v the velocity at any point (fc, y) of the parabolic trajectory, 

cos^ a-f (V sin cc-gt)'^ 

= V" “ 2g {Yt sin a, - \gt~) 

-V‘^-20 

- 2g (OH - MP) - 2y . PK (16). 

So that the velocity r is that wliich rrould be due to falling freely from the level of the directrix, 
the depth PK below the directrix being called the head or ihipetus of the velocity v. 

Denoting by X the range in feet, and T the time of flight iii seconds, over a horizontal 
line Oir through 0, obtained by putting y = 0 in (6) and (8), then 

T = ?Iin^ (17), 

X - « tan » (18). 

g g 

Thus for a given value of V, the range X is a maximum when 
sin 3a = 1, or a = 45“, 

Generally 

sin 2=. - ■ . . . . (19), 

giving the elevation a required for a range X ; or 

V- = i/X cosec 2a ... (30), 

giviii^f the initial velocity V required for a range X with elevation a, as in Chapter 11, page 68 
(Parti). 

From Equation (8), siuco y = 0, when z ~ 0 or X, 
y ~ z tan ^ ( 1 ~ j 

tana= + 

di-v) * 

giving > " " ^ 

tan a = tan & ■+■ tan ^ . . . . ■ . .... (31), 
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•where 0, are tSe angular elevations of the point P, as seen from 0 and E, the beginning and 
end of the range ; this theorem is useful in determining the elevation required with a given 
rniige X, so as to clear an obstacle, a wall or rampart, of height v at a distance x from 0 
(see fig. 1). 

Denoting, as l^efore, the •whole time of flight over the range on “a horizontal plane 
through 0 by T, and the time of flight from 0 to P by ^ ; denoting also the time of flight 
from P down to the groilud again by f, then 

if + r = T . . . . (22) 

and 

V sin a = ^(jT ; 

so that (6) may^e written 

(23); 

Colonel Sladen’s formula, useful in plotting approximately points on a trajectory in direct fire, 
even when the resistance of the air is taken into account, Imt where the vertical component 
of the resistance is insensible. 

At the vertex A, t ~ i' ~ |T, and the height of the vertex 

H = = (2T)2 (24), 

taking g = 32 ; hence the practical rule : — 

“ The scpiare of twice the time of flight in seconds is the height of the vertex of the 
trajectory in feet.” 

Thus if the time of flight is 5 seconds, the height of the vertex is 100 feet; if 
T = O'l see., H = Ax less than | inch; V = 3000 f/s. 

T = 00 sees., H - 14,400 feet. 

When firing up or doAvn a slope O.r, at an inclination of to the horizon, the equations 


of motion are 



( 30 ); 


Fig. 2. 


m 


and, integrating twice. 


'ii ~ ~ ^ ’ 


lit 


V sin a~gt cos /i ; 


■X ~ Yt cos a-^gt^ sin /3 (27) ; 

g ~ Yt sin a, - ?jgf cos ^ . (2S); 

and a now denotes the tangent elevation of the gun, the quadrant elevation being a + fJ. 

Then, with the preceding notation, 

rn 2V sin a 


g cos (S 

^ _ 2 sin a cos a _ 2V- sin' a sin fB 
g cos (3 g cos- ft 

_ sin a co s (a + ft) 
cos- ft 

= 2a ^^^^i^<^ + ft)~sin ft 

cos^ ft 

if a denotes head or impetus of the velocity V. 

Thus for given V or n, and a given slope ft, the range X is a maximum when 

sin (2a + ^‘) = 1, 

2a+/i = 90“, 

a = 45*-|A 

a direction which bisects the angle between the slope and the vertical. 

Also, as before, 

g - IgW cos ft . . . . . . . . . 


.... (29); 


(30), 


( 31 ), 


so that the distance from the slope 0./;, measured vertically, is IgW, 

The paral)olic theory is sometimes useful in assigning limits within which the real 
trajectory in a resisting medium must lie; an example showing this is given in Part I, j}. 71. 

The area of the parabolic segment OPE (fig. 1), where the equation = pg represents 
the curve with origin at A, and the axis of y downwards is 

2 piCf/y, 


where the upper limit is the height of A above OR. 

Therefore 

area of segment = 2 dy 

= = Pjyy. 

So ' that the area of the parabolic segment is two-thirds that of the circumscribing 
rectangle, and therefore the mean height of the ordinates of the arc is two-thirds of the 
maximum ordinate; hence the average height of a projectile in«a parabolic trajectory is tivo- 
thirds of the height of the vertex. Captain James M. fngalls, U.S.A., has pointed out the 
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practical use of ^hia result for the tenuity of the air at great altitudes in a long trajectory, as 
showing that a good approximation is obtained to the average density of the air traversed by 
the projectile at a height in the atmosphere of two-thirds of the estimated height of the 
vertex. 

To determine geometrically the directions of projection from a point G, with given velocity 
due to the head OH, so as to strike a point P, describe a circle with centre P and radius PK, 
touching the horizontal line HK through H in K; then if this circle cuts the circle with 
cent.re 0 and radius OH in P and F', the required directions are perpendicular to HF and HF', or 
bisect the angles HOF and HOF'; and these directions, therefore, are equally inclined to the 
bisector of the angle POH, which is the direction of projection for maximum rang(3 on the 
plane OP ; ancHf the circles do not intersect, the point P is out of range. 

Kg. 3. 

If K K' 



FO = OH, FP = PK ; 

F'O = OH, F'P = PK ; 

so that F and F' are the foci of the parabolas that can be drawn passing through 0 and P, and 
having the common directrix HK. 

The lower parabola with the smaller angle of projection is that required for dired jire^ and 
the upper parabola for high angle or mmi-ar fire. 

When the points F and F' coalesce in F" the circles touch, and the point P is out of the 
range attainable from 0 in the direction OP, when it is beyond P', where 

OF - OH + P'K' = FK", 

and 

K"K' - OH, 

so that the locus of points just within range is the parabola whose focus is 0 and vertex H, 
and the space inside the paraboloid generated by the revolution of this parabola about its axis 
is the space which can be «o-wered from 0 with the given velocity of projection ; points outside 
this paraboloid being out of range from 0. 
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Suppose, for iustaiice, that OP is the trace of an inclined plane through 0, this piano will 
cut the paraboloid in an ellipse with focus at 0, and this ellipse will be the area covered on the 
inclined plane OP by a gun at 0. 

The section of the paraboloid made by a vertical plane PK will be a parabola ; this will 
bo, for instance, the area covered on a vertical wall PK by a fire engine at 0, supposing OH is 
the greatest height to which the engine can send the jet ; and to attain the boundary of the 
.‘irea, the jet must be aimed at points on the wall lying on the horizontal straight lino at ri 
Imiglit 20iJ, tmoe the impehis 01 ' head oi the velocity. 

The following treatment of a parabolic arc will be found useful in the next chapter on 
high angle lire. 

Let OP, fig. 4, be an arc of a parabola, vertex at A, the direction (H’ a projectile’s 
trajectory at 0 is and at P it is 6>. 

Let the ecpiation of the parabola of wdiich OP is an arc be a-*’ — 

Any point on this is x = A/>, y = X-jj, where A is the variable ; at any point P, 


also 


ck 


tixn 6* 


2 ^ 


2 A, 


dx _ dx dX _ . sec'-^ 0 

dd'~ dX'W~ ^2 


ds ^ dx 
dd dx ■ d0 


see 0 . 1 sec- 0 


sec® 0 . 
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and 


put 


and 


sec 0 d6 -- 


iie 


see'- ^ d6 
2 


2 


, e . 




1 , 1 + tan 

sec 6 (19 ■= log ^ = log 


dx — Jj sec- ^ id, 
2 2 ’ 

e 


1 - tan 


^ log (sec 9 + tan 9). 


Therefore 


sec rj 


= ^ ~~ ^ (^) , 
tan <ji - tan 9 ’ 


where 


i (</j) = -t. tan (ji sec c/» + log (sec cj) + tan <f)). 


This function is tabulated in Table VI ; it is useful also in the calculation of a trajectory 
when the quadratic law of resistance is assumed. 


CHAPTEE lY. 


HIGH ANGLE PIEE. 


When tlie curvature of the trajectory becomes considerable, as in high angle and curved 
fire, the methods of Chapter I, Part II, for direct fire require modification. We proceed 
then to consider the equations of motion of a projectile in a resisting medium, when projected 
with given velocity in a given direction ; and to show how these equations, ^fwhere otherwise 
intractable, can be slightly modified so as to give tangible practical results. 

The motion is referred to two co-ordinate axes, Oaj and Oy, drawn horizontally and 
vertically in the plane of fire through 0, the muzzle of the gun ; the resistance of the air 
is taken to act in the opposite direction to the motion of the centre of gravity of the pi'ojectile, 
so that there is no cause tending to draw the shot out of its original plane of fire, and to cause 
drift or deviation : this subsidiary eftect must be considered separately. 

Fig. i. 



jr 


Let the velocity at 0 be V f/s and the direction of the shot be 4> (in radians of circular 
measure) ; let x, y denote (in feet) the co-ordinates of the O.G. of the shot at P after a time 
of flight of f seconds, and 6 the inclination (radians) at P, so that 6 is the angle which the 
tangent to the trajectory at P makes with the horizontal Oa: j the velocity at P being v f/s, 
and the retardation r feet per second per second, 


d-^x 
dfi ■ 


d (v cos 6) _ 

W~~' '' 


iPy _ d {v si n 0) 
dt^ dt 


-rcos^^ (1), 


- y - f sin 0 (2). 


Eliminating r from (1) and (2) 

cos 6d {v sin f^) - sin Od{v cos 6) = - g cos 6dt, 


multiply both sides by 


sec^ 6 


d ('V sin ff) - - . d (v cos 6) ■■ 

'V cos d ' V cos^ 6 ^ 

f v sin ^\ _ dt 
^ cos d) ^ V cos O' 

gdt: 


--S' 
cos y 


- ddi 
V cos 6 


( 3 ). 
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This formula has already been proved in Chapter II, page 35, where it was showm that 
^ cos see also Notes on Dynamics (1908), by Sir G. Greenhill, F.E.S., pp. 123, 124. 
To obtain dx, dy, d (r cos 6), ds in terms of dO, substitute the value of dt from (3) in 

dx dy . n ds 

dt dt dt 

and in (1) where — = -r cos B. 

From (3) 


gdx — -v-dB . 
g dy = - V- tan B dB 


gd (?; cos B) = +?; dB 


gd (tan B) = g sec^ BdB 


In (7) — has been substituted for r, and is obtained thus :• 
C 

r R n d^p p , , , v 

_ = _ = = J (see p. 11) ; 

g w w C ^ ^ 




so that = p — resistance of the air in pounds to a 1-inch projectile moving vdth velocity 
V f/s, under standard condition.s, also 

F (v) 

-G- ” 

Equations (4) to (8) have B as the independent variable j to turn these so that the 
independent variable be the horizontal component of velocity, v cos B == mahe use of (7), 
from which, 


then equations (4) to (8) become 




.... (9). 

C sec B 

l^ClSQQ 'B)' 

.... (10), 

.as 

1 

11 

m 

C?ii sec B tan B , 

■ — — rr: — • 

h {vi sec B) 

.... (12), 

f ^ . d'Oi 

sec ah (vx sec B) 

• • • . (13), 

. Ctf sec B , 

B) = A . . , . 

ViF(iyiseca) 

.... (14). 
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Equations (10) to (14) have vi { - t’ cos 6) as the independent variable ; and integrating these, 
supposing Vi the initial value of and making the upj)er limit so as to cancel the negative 


J F (i’l sec 9) 


J i,, F {vi sec 6) 
p 1^' Vi sec d tan 9 , 


<f>-9 = C 


•? dv 

J i,, yq sec ^F (% sec 9)‘ ' ^ 


tan (jy - tan 9 - 


, r ' g sec 9 ^ y, 

' ??iF(y;i sec 9)^ ^ 


Equations (15) to (17) cannot be integrated as they stand, because the relation between 
6 and Vi is not known. 

But, as originally pointed out by Euler, these difficulties can be turned if we notice that 
in tlie ordinary trajectories in practice the quantities 0, cos 9, and see 9 vary so slowly 
that they may bo replaced bj;^ their mean values y, cos g, and see g ; especially if in the 
calculations the trajectory, when considerable, is divided up into arcs of small curvature (the 
curvaiim of an arc is defined as the angle between the tangents or normals at the ends of 
the arc). 

In equations (15), (16), (18), (19) the mean angle ?/ enters only nrthe- fonn of sec >; or 
cos rj, slowly varying quantities for moderate values of >/, so that g need not be determined 
with^ great accuracy. ■ 

According to Didion {TraiM de Balistique, p. 119), the mean value of sec g is obtained 
by supposing the arc from </j to 9 a portion of a parabola, with a vertical axis, and' that 


(see p. 59) 


where i (</>) = tan (f) sec (jy + h (/> + tan </>), a function tabulated in Ta])le VI. Eeplacing 

the variable angle 6 by some mean angle g, and introducing the Mayevski j5sc?a,/o-velociti6s 
U and w, defined by 

11 = Vi sec g = y cos (/> sec i/, j 
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tlie equations (15), (16), (18), (19) may now be written {u being the independent 
variable) 



.... (22), 

* 

.... (33), 

(h - 6 ~ G OOS n 1 _ du 

J „ m-F (It) 

.... (24), 

tan ~ tan i9 ~ G sec ■>/ 1 . . , . 

. . . . (25). 

But F (v) = Cr, see p. 61 of this chapter, and fi-om Chapter 11 Gr is of the form [A] 
or, shortly, (see p, 32 ) ; hence, as in Chajiter II for direct lire, these integrals are the same 

as those u hich gar’e the functions T, S, and I, but with the pseudo-velocity u as the argument 
instead nf the I'cal veloeitj^ v. 

Equations (22) to (25) become 


.... (26), 

U ^ 1 „ A ■' ^ ■ ■ 

.... (27), 

^ Ail+i (^) " ^ (“)^ • 

.... (28), 

- ‘“L? = sec , I” ch - sec {I (U) - I (u) 

. ... ( 29 ). 

If </> and 6 are expressed in degrees, then 


£-f = 180cos,{I(U)-I(..)} . . . . 

U TT 

.... (30). 

It will be noticed that 7/ cannot be exactl}'- the same mean angle in equations (27), 
(28), and (29) ; thus it is obviously different in equations (28) and (29) ; but, when dealing 
with ares of small curvature, the discrepancies due to using the same ?/ throughout will be 
insensible. 

Equations (26) to (29) are in the form employed by General Mayevski, wFo modified 
Siacci’s original equations by introducing Euler’s mean angle t ] ; the direction of the pseudo- 
velocity “ « ” is also different to Siacci’s a, as will be seen when bis nietliod is demonstrated. 

The Altitude Function A {u). 


Replacing tan 9 by in equation (29), 


\ ^ tancp,~'^^=.Csec>7{I(U) .!(«)} . . . . 

.... (31). 

rntegrale with respect to x over the arc considered, 



• • f fa: 

X tail cf} - G sec < ;rl (U) ~ I {u) dz 

U .0 
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Eufc from equation (23) 


tile negative sign is tjaken because x increases as u decreases, and making U the upper limit. 


« tan cj>- y=.CxsQC yl (U) - du (32). 


In Siacci’s notation 


= A(U)-A(»), 


where A (?./,) is called the aUiiude function. 

Dividing (32) by -x, 

tan c!>~l=C sec yl (U) - C-3 - . 


But from (27), 


ir = C cos 7, {S(U)-S (?<■)}, 


(33). 


a) ...... 

This is Mayevsld’s equation with the altitude function A, in which sec rj and the initial 
and final pseudo-velocities U and u for any arc depend upon and 6, the initial and final 
inclinations to the horizontal of the tangents to the arc. 

By means of Mayevskks method high-angle trajectories can be calculated with great 
exactness by breaking such trajectories into small ares. 

The equations are 

r = f ^ 

/KO-Tod**’ 

where to is the tenuity factor at the earth’s surface, / is the factor which corrects for the mean 
height of the projectile above the ground in any particular arc of the trajectory, 

a: (in feet) « C cos y [S (U) - S (?i)], 

t (in seconds) = 0 [T (U) - T («)], 

tan 6 == tm<j^-Cseerj [I (U) - 1 («)], (3^^) 


: tan <{i~G sec y I (U) • 


A(U)-A(i^ )-[ 

S(U)-S(«)J 


U and u are the pseudo-velocities at the commencement and end of any arc, so that 
Xj Y cos sec y I 


u = V COB ft sec 7) 


For very small arcs, no matter what the elevation be, these equations are accurate. It is, 
however, found that the work of calculating a high-angle trajectory by means of arcs in 
which the total change of direction is as small as 1° is much simplified, for the following 


1. The equations are .strictly accurate. 

fL.jr 0 

2. Tlie mean angle ■>] may he taken as m.— without^error, * 

2 
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3. After obtaining tliree values of the altitude factor /, the succeeding values of / can be 
found by plotting a curve of / in conjunction with thus obviating the necessity of calculating 
the arc more than once. The first three or four arcs are re-calculated until no change in the 
elements is obtained ; a second re-calculation is always necessary. 

4. A general table can be constructed for 


sec ->/ 


this simplifies the calculations ] thus 

\ 


5. The altitude formula 


Arc. 

80-79“ 
79 -78“ 

7 . 8 “_ 77 '’ 

&c. 


log E. 

2 98222 
2 94303 
2-90723 




can be replaced with great exactness by 

^ = tan •)/. 

The example of a high-angle trajectory for the IS-pr. QF., which is worked out beloM’’ in 
talnilar form, was calculated l>y Captain J. F. E. N. Maitland- Addison, E.A., and an explanation 
of his method now follow'S : — 

Operation for Oalciila/ing a High- Angle Tmjedury hj means of small ares, employing 
MayemlAs Egmiivjis. 

Before commencing calculations a curve of / should he drawn for all the heights likely to 
be obtained, the arguments being the barometer and thermometer values at the ground. 
Eaiige tables are compiled for T)arometer 30 inches, tlierinonieter 60° F. See fig. 1, p. 7 of 
Chapter I, for a curve of /, selecting the middle one or else the table on p. 7. 

1. Co = ignoring/. 

K(r tv 

2. Calculate the muzzle pseudo-A^elocity, U. 

3. Calculate the remaining pseudo-velocity, u. 

4. Calculate the horizontal distance = ir. 

5. Calculate the height, y = x tan g. 

6. Find / from the curve and the value got for y. 

7. Include / in ballistic coefficient, and thus C] = / — . 

KO- . ih 

S. Ee-ealeulate arc as before. 

Example: — It will be observed that for the arc 80“-79“ the value of / obtained in the 
re-oalculation of the arc is the same as that first obtained, so that the elements obtained in 
the second calculation will not he altered by a third calculation, which is therefore unnecessary. 

9. Carry out the re-cit5cnlation for the first three or four arcs as above. 

10. Plot the values of / thus obtained; values of / for other arcs can bo obtained with 
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.‘iceui’acj by extra, polatioii for a change of 1° of arcs, thus rendering a re-c<alcuIation of any 
arc unnecessary. 

E.miiipk: — Arc 76 -70" ; 

/ by eictrapolation = 1-444; 

/ as obtained from the calculated value of y - 1-448. 

There i.s no accumulation of error in /, as this latter value is now plotted instead of the 
former and the curve extrapolated for the next arc. 

The value of / for succeeding arcs is taken for a height at the half-way point of the arc, 
thus if 

OA represents 1st arc, ^ 



arcs. 

Proceeding as above shown, the calculations are very quickly performed for any number 


of arcs. 

11. The time of flight) for each are is then calculated, 

13. For balloon firing the angles of sight to the target are given by 

^ = tan-i ^ . 

X 

1 3. The tangent elevations required are given by 

T.E. 

14. The ranges along the lines of sight are given by 

X (feet) = s/'X~ + y^. 
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Table Of = 

sec rj 


Arc. 

log cos 7j. 

logK 

Arc. 

log cos ?/. 

log K. 

<p e 
80-79 

^ 1-26063 

‘3-98222 

9 

40-39 

1-88741 

2-35457 

79-78 

1-29966 

2-94303 

39-38 

I- 89354 

9-34823 

78-77 

1 • 33534 

2-90722 

38-37 

1-89947 

2*34258 

77-76 

1-36819 

2-87429 

37-36 

1-90518 

2-33670 

76-75 

1-39860 

2-84378 

36-35 

1-91069 

2*33131 

75-74 

T- 42690 

2-81543 

35-34 

1-91599 

2-32592 

74-73 

T- 45334 

2-78892 

34-33 

1-92111 

2*32078 

73-72 

1-47814 

2-76408 

33-32 

1-92603 

2-31590 

72-71 

I-5014S 

2-74070 

32-31 

1-93077 

2*31116 

71-70 

1-52350 

2-71865 

31-30 

I - 93532 

2*30657 

70-69 

I -54433 

2-69781 

30-29 

1 - 93970 

2*30218 

69-68 

1-56408 

2-67802 

29-28 

1-94390 

2*29801 

68-67 

1-58284 

‘2-65926 

28-27 

1-94793 

2*29389 

67-66 

I -60070 

2-64134 

27-26 

1-95179 

2 •29025 

66-65 

1-61773 

2-62432 

26-25 

1-95549 

2*28631 

65-64 

1-63398 

2-6080S 

25-24 

1-95902 

3*28289 

64-63 

1-64953 

2-59248 

24-23 

1-96240 

3*27963 

63-62 

1-66441 

2-57759 

23-22 

1-96562 

3*27610 

62-61 

1-67866 

‘2-56334 

22-21 

T- 96868 

3*27339 

61-60 

1-69234 

2-54967 

21-20 

1-97159 

3*27022 

60-59 

1-70547 

2 ‘53651 

20-19 

T- 97435 

3*26749 

59-58 

1-71809 

2*52393 

19-18 

]• 97696 

3*26499 

58-57 i 

1-73022 

2-51169 

18-17 

1-97942 

3*26260 

67-56 

1-74189 

2-50012 

17-16 

1-98174 

2*26004 

56-55 

1-75313 

2-48881 

16-15 

! 1-98391 

3*25807 

55-54 

1-76395 

2-47803 

15-14 

1-98594 

3*25592 

54-53 

1-77439 

3-46759 

14-13 

i 1-98783 

3*25406 

53-52 

1-78445 

2-45747 

13-12 

! 1-98958 

2*25227 

52-51 

1-79415 

2-44775 

12-11 

1-99119 

3*25078 

51-50 

1-80351 

2-43849 

11-10 

1-99267 

3*24915 

50-49 

1-81254 

2-42933 

10-9 

1-99410 

3*24806 

49-48 

1-82126 

2-42071 

9-8 

1-99520 

3*24659 

48-47 

T- 82968 

2*41220 

8-7 

1-99627 

3*24571 

47-46 

1-83781 

2-40410 

7-6 

1-99720 

3 -24468 j 

46-45 

1-84566 

2-39626 

6-5 

1-99800 

2 -24376 i 

45-44 

, 1-85324 

2-38866 

5-4 

1 -99860 : 

3-24318 i 

44-43 

1-86056 

‘2-38131 

4-3 

1-99919 i 

2-24272 ! 

43-42 

1-86763 

2-37441 

3-2 

1 - 99959 1 

5-24238 

42-41 

1-87446 

2-36736 

2-1 

1-99985 i 

2-24189 1 

41-40 

1-88105 

2-36091 

1-0 

1-99998 I 

2-24202 
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Angle of Projection <f> = 80“; M.V. = 1590 f/s; to = 1 and ko- is Unity, giving G, 
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These Talues of/ are obtained by extrapolation, making use of figures given by previous arcs. 
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Calmlation for Time of Flight. 


Arc. 

80°-79'‘. 

00 

0^ 

7S‘’-77“. 

77°-76°. 

U 

u 

T(LT) _ 

T(U)-^r(M) 
log[T{U)-T(«)] 
log C 
log t 
t 

1515 

1107 

109-083 

107-006 

2- 077 
0-31744 
0-25872 
0-57616 

3- 77 

1012 

940 

105-757 

104-461 

1- 296 
0-11261 
0-30897 
0-42158 

2- 64 

865 

830 

102-754 

101-796 

0- 958 

1- 98137 
0-34242 
0-32379 

2- 11 

770 

747 

99 - 968 
99-205 

0- 763 

1- 88252 
0-36877 

i 0-25129 

j 1-78 

i 


Calculation of the Angle of Sight, Tangent Elccation, and Iktnge along the Line of Sight. 


Arc. 

00 

o 

78'-77°. 

76°-75°. 

73°-72“. 

logy 

3-67403 

3-95347 

4-05354 

4-11879 

log « 

2-94201 

3-24895 

3-37144 

3-46090 

log tan B 

0-73202 

0-70452 

0-68210 

0-65789 

^ e 

79° 30' 

78° 50' 

78° 16' 

77° 36' 


0‘ 30' 

rxo' 1 

r 44' 

2° 24' 

{x“ + 

4802 

9158 

11554 

13460 

Also t 

3-77 

8-52 ! 

11-82 

15-05 

Remaining velocity 

1057 

799 

658 

528 


18 -pr. Q.F. Q.E. = 80°. 


Tabulated Results (Table I). 


Range in yards 
along line of sight. 

Angle of sight, 9. 

Height in feet. 

Time of flight. 

Remaining 
velocity, i/s. 

1601 

79 30 

4721 

3-77 

1057 

3053 

78 50 

8984 

8-52 

i 799 

3851 

78 16 

11312 

11-82 

658 

4487 , i 

7? S6 

13146 

15-05 1 

: 528 . 
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Plotting tlieae ranges and angles of sight and other functions with range, the following 
results are obtained : — 


Table II for 1S-pb. Q.E, = 80°. 


Eange in 
yards along 
line of sight. 

Angle of sight. 

Height in feet. 

Time of flight. 

Eemaining 

velocity. 

Tangent 

elevation. 

0 

1 SO 0 



* 1590 /" 

0 0 

500 

79 52 

1480 

1-01 

1382 

0 8 

1000 

79 43 

2975 i 

2-18 

1216 

0 17 

2000 

79 20 

5880 i 

4-95 

976 

0 40 

3000 

78 62 

! 

8815 

8-32 

809 

1 8 


For the construction of a complete range table for firing at balloons or such like targets 
it is sufficient to calculate trajectories in ares for ^ = 80°, 60°, 40”, 20", 0°, and then all the 
intermediate elements can be found by plotting. 

Thus Tables I and II for 4" - 80° are also calculated for 4 = 60°, 40°, 20°, and 0°, cund 
then the final range table is obtained liy selecting the elements for any particular range 
as argument from each of the fiA^e tables of Table II ; plotting the elements and reading for 
even angles of sight. For other ranges and angles of sight the elements can be obtained 
by further plotting until the intervals are sufficiently close for interpolating by eye. 


.SiAcci’s Method. 

Starting with the general equations of motion (4), (5), (7), and (8), 

gdt = - V . ( 4 ), 

cos d ^ ^ 

g (h = ~v^dd . (5), 

• • (7). 

(;d(tan 9) = gaec^ddO . . . . . . . . . . (8). 


g d cos 9) =-- v d9 . 

0 


Writing Vi for v cos 9 then as before from (7), d9 ~ substitute in (4), (5), 

and (8), then 

cob9¥ {v)’ ■ ■ ■ ■ ■ ' ' ■ ■ 


dt = - C 




d (tan 9) Gg 


sec^ 9 ■ 
t>F'('?) 


■ ( 35 ). 

. (36). 


Now 'F{v) = Cf = or writing A in short for [A], F(v) = hence 


F (v) = A(ri sec 6y^ = Avi” sec’‘ 6 


The equations now become 


(S8), 

^ d{ts.nd) ^Gg^'-^^-dvi . .... . . . . (39j. 

'4 <# 

These three equations are not integrable, unless cos 6 is made equal to unity as is done 
in direct fire, or unless some approximate value is given to co.s’‘~^ d in high-angle fire. 



Siacei’s approximation is 


cos” ^ 6 — cos” - <f>. 


Siacei also makes use of a pseudo-velocity (see fig. 4) w, defined thus 


The initial value of u beinsc 


V cos i) sec <jy = Vi sec (f> ~ it; 
Vi sec (fi - V cos 4)sec<f} ~ V. 


It is seen from this that v cos 0 cos <f), and u for any are or for the whole trajectory is 
the component of v (the velocity at any point) parallel to the line of departure. 

Converting the three general equations of motion so that the independent vaj'ialjle is Siacci’s 
pseudo-velocity u, as defined above, and making use of the approximation cos’*~i 9 = cos'*"- (/j, 
then, since t’l sec </> = u, we have 

dt ^ - C . sec- 4. . ^ . . . . (40), 

A (vi sec (!>)'“■ sec ^ A cos <f) 

7 ri cos”“2(A diihseccb) 0 dit 

A (vi sec sec tf> A ^ a / 

d(tiiu -M ,cos”-2<-/> „+i, d{visec 4>)^ _ Off 

’ A (t’l sec seed* Acos^c/)' A > 
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from ’srliich 


- l-L- - = -J:^{T(V)-T(m)} 

(n - i) A cos 4> yn-y cos ^ 


• . (43), 


■ («. - 2) A yH-2^ 

C 


tan (fi - tan 6 = 

% 


cos^ 4> 


= C{S(V)-S(«)} .... . . ('44), 
{I(V)-I(iO} . (45). 


In this last equation put tan (9 = , integrate as before, then 




A - ^ / T (y) - ~ ^ 1 /4A^ 

^ cos2c/>r^'^^ S(V)-S(iO/ 


In this, the ballistic coefficient C is defined by Siacci thus, 


/? P 

where k, <t, to, / w, d have the usual meaning a.s given in Chapter I, but ft is a factor which 
must be found to correct for various values of 


E = 

' COS'”"^ d 


(47). 


The various values of ft are* shown in tabulated form below; these have been calculated 
by Captain J. F. E. N. Maitland- Addi.son, E.A. 


SiAcci’s Formulas for Calculatinci in Arcs Summed up. 

C = / 

ft , K(r .tq. d"^ 

C[S(V)-S(a)] 

r=‘C sec^A[T(V)-T(7i)] 

tan e = tan ./. - — - I I (V) - 1 (j/)1 

y - tan f ^ fi (V) . (^0 ] 

cEs^L^^^ "S(V)-«F)J 


( 48 ). 


y = y cos 4> see <f} = Y 
u = V cos d see </> 
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Table op Function ^ por Quadratic Law. 
V - Oto 800 Is. 

For all ranges within the Quadratic Law. 


Degrees. 

A 

Degrees. 

A ■ 

Degrees. 


Degrees. 


T 

1 

00 

16 

1 

02 

31 

1 

07 

46 

1 

•19 

2 

1 

00 

17 

1 

02 

32 

1 

07 

47 : 

1 

•20 

3 

1 

00 

IS 

1 

02 

33 

1 

08 

48^: 

1 

21 

4 

1 

00 

19 

1 

02 

34 

1 

09 

■46 

1 

23 

5 

1 

00 

20 

1 

03 

35 

1 

09 

50 

1 

24 

6 

1 

00 

21 

1 

03 

36 

1 

10 

51 

I 

26 

7 

1 

00 

22 

1 

03 

37 

1 

11 

52 

1 

28 

8 

1 

00 

23 

1 

03 

38 

1 

11 

53 

1 

30 

9 

1 

00 

24 

1 

04 

39 

1 

12 

54 

1 

32 

10 

L 

00 

26 

1 

04 

40 

f 1 

13 : 

55 

D 

■34 

11 

L 

01 

26 

1 

05 

41 

1 1 

14 ! 

56 

!■ 

■36 

12 

L 

01 

27 

1 

05 

42 

1 

15 i 

57 

!■ 

■38 

13 

L 

01 

28 

1 

05 

43 

; 1 

16 i 

58 

!■ 

■40 

14 

D 

01 

29 

1 

06 

44 


17 i 

! 59 

1' 

■42 

15 

1 

01 

30 

1 

06 

45 

1 1 

18 

60 

L 

■45 



and then the formulas are of the same form as Maj^'evski s hut the pseudo-velocities V and u 
are, of course, different from Mayevski’s both in magnitude and (liredimi. 
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.High-Angle Trajectory IN ONE ARC by the Use of Siacoi’s (i function. 
Strictly speaking, all liigh-angle trajectories should be calculated in a series of ares, the 
extent of any arc depending on its inclination Yuth the horizontal. For this purpose 
Mayevski’s equations can he used wnth adYantage. » 

But with a very fair approximation the calculations for range, &c,, can be made in one arc, 
care being taken to give to the compensating factor P its proper value. 

In (48), the direction of the pseudo-velocity u is always parallel to that of V, and 
conssidering the trajectory in one arc, ?/ = 0 at the striking point when this is on the same 
level as the firing point, so that 


which gives 
where 


sin 2^ = Ctf . 


(«). 


C = /, 


j^Kcrro (P 


A(V)-A0/.)-1 

S(T)— slioJ- 

The following examine has been worked out by Captain J. F. E. N. Maitland- Addison, 
E.A.:— 

Example, 

Find the range of a projectile fired from a 9'2-inch high-angle gun, with a muzzle velocity 
of 2065 f/s at an angle of 30°, the weight of the projectile being 290 lbs. 

It is reasonable to assume that, over such a curved trajectory, the projectile will not 
have the same steadiness as it would have in direct fire. Taking a 10 per cent, of unsteadi- 
ness gives <r = 1 *1, the first step is to determine a first approximation of the range, with 

r barometer of 30 inches, 
r = 1 • 00 for < thermometer of 60° F., 
lair -Irds saturated. 


l-l, 


^ I'O, 


: 290, 
^ 9-2, 


I'l, 


= 1-0, i8 = l-0. 

logw “ 2 '46240 
21ogfi = I '92758 
O' 53482 
: 0'04139 


log 11 
logc" 


:0'49343 

sin 2f/) — C . a. 

cji ~ 30, log sin 2^ = 1' 93753 

logC .= O' 49343 
log a = I '44410 
a - 0*27804 

Looking out Table VIII, for a velocity of 2065 f/s, we see that for 

= 4100, * ft = 0'27533. ^ 4200, a = 0'28745. 

O 


E 

*c ■ 


K 2 


(9263) 
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Hence, for a = O' 27804, the value of * • 

= 4100 + xWiriOO = 4122 '4. 
log5 = 3-61515 

VJ 

logC = 0-49343 

logR - 4-10858 
11“ 12S40 yards. 

Knowing this, it now remains to determine the values of / and (i. 

As an approximation, the height of the trajectory can be determined from the time of 
liight, and therefore the remaining pseudo-velocity must first be ascertained from 

X = C{Sv-S„}. 

R 12,840 yards, log X = 4-58570 

X - 38,520 feet, logC = 0-49343 

log 4-09227 

o 

^.= 12307-2 
L' 

Sv = 41682-2 

S„. = 29315-0 

= 730 f/s, 

and then 

f = C sec </> {Ty — 

T.,oi,, = 110-393 
T 730 = 98-617 

AT = 1-07100 
log sec <^ = 0 • 06247 
logC = 0-49343 
log / = 1-62690 
/ = 42-35 seconds. 

Then, approximately, ?y = 4/- = 7174 feet, and the mean height = |y = 4782 feet. 
From (fig. 1) p. 7,/ = 1'16 approximately. From the ^function table it can be seen that 
the value of jS corresponding to a range of 12,840 yards and an angle of projection of 30” is 
about O' 8 . It is evident that this value, combined with the value of / = 1 ' 16, when inserted 
in the ballistic coefficient, will materially increase the range, so that before proceeding to make 
a re-calculation, it is advisable to take diflFerent values for ^ and / to those above. On looking 
in the /3 table, it is seen that at the point in question /3 increases rapidly with the range. 
Hence we will take a value of say O' 9, eorresponding to a range of about 14,500 yards, and 
since the height of the trajectory will be greater than 7174 fee^ ^^e will take / = 1 *2 : and 
no'w the ballistic coefficient must be re-constructed and th® range calculated de wA. 
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As a secoi'iH approximation 

log - 0-49343 
° nd- 

/= 1*2, log/- 0-07918 
0-57261 

= 0-9, log/3 - 1-95424 
logC - 0-61837 
log sin 2 </. - 1*93753 
log C - 0-61837 
log«- 1-31916 
rt = 0‘20853 

From Table YIII, the value of -B correspoiidiiig to this value of “ q; ” is 

V 

B == 3500 

yj 

log^ = 3-54407 

O 

log 0 = 0-61837 

logli = 4*16244 


R = 14,536 yards. 


It will be seen that the value oi ft = 0*9 was a good prediction, and a further approxima- 
tion is not necessary. 

Actually at practice, the mean of 5 rounds fired under the conditions in this example was 
14,755 yards, or about 200 yards more than the calculated range, so that the estimation of the 
steadiness as 1 * 1 was rather too large, but the error involved cannot be said to be large. 

The remaining pseudo-velocity at the vertex can be calculated from : — 

tan (/> - tan 6 - __ B.- {1,. - 
cos-</) ‘ 

and since tan 0 = 0, at the vertex 


sm2r/, = 20 {Iv-I4 
T _ T sin 2</» 

*•«,) -*-V qQ — 



„ = 1034 f/s. 


The range to the vertex is 8204 yards. 
The height to the vertex is given by 


y 

X 




Av-A,,! 

Sv-S« J 


where x is the range (horizontal) to the vertex. In this case y ~ 8923 feet, so that the mean 
height would be 5948 feet, giving / as about 1 - 2 ; the prediction made for / was therefore good. 
Only experience will shov»h«w to make such predictions; and until such be acquired, several 
approximations must be made until no further alterations in the calculations take place. 


Dibect Fire. 

ill dii'cet firo tlio (-omplete trajectory is calculated as one arc, the angle of projection (fi is 
small, fi may be taken as unity, also the tenuity of the air throughout is considered to be the 
same as at tlie firing point, so that / = 1 ; the value of 0 is therefore 

Suppose X feet denote the range in feet on a horizontal plane, obtained with an initial 
velocity V f/s, elevation (f>°, and that v denotes the actual velocity at any point of the 
trajectory, then the pseudo'-velocity u is replaced by v. 

Let to denote the angle of descent, which on a horizontal plane is the s^e as the angle 
of arrival, then the formulas for a direct-fire trajectory become (see (48) ) : — ^ 

KO-ToCl- 

X = C{S(V)-S(r)} 

T = Csec.f>{T(V)~T(r)} j’ (’50). 

tan 6 = tan / ~ 0 scc'^ {I (V) - 1 (t’)} 

But when is very small, as for flat trajectories, or when the projectile is considered as 
moving horizontally between screens, such as in the experiments carried out for finding the 
resistance of the air (Chapter I) for the compilation of the Ballistic Tables (Chapter II), 
then the 3rd and 4th equations in equation (50) become 

T = C{T(V)-T(«^)} (51) 

tan 0 ~ tan / = - C.{I(V) - I(i!)} ........ (52). 

At the striking point of the trajectory 7 / = 0 , 6 = - w, and v becomes the striking 
velocity ; from (60), putting ?/ = 0 , then 




S(Y) - S(r). 

sin2/ = Ca (53), 


where 

= 2 ( 1 (V) - --iYir 

I ^ S(V) - S(^) 

Also from (504 Avlicn e ~ ~ <!>, 

tan CO = tun / + C sec- / {I(V) - I(r)} 

■ 0 seo;^ / 1 1 (V) - YiiXLxAM 1 
^ ^ S(V)-S(r)J 




(54). 


■Csec2/{I(Y)-I(r)} 


S(V) - S» . 

For flat trajectories, is approximately unity, and the last equation liecomes 
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Let i'o denote the velocity of the projectile at the vertex of the trajectory, where it moires 
horizontally for an instant and 0 = 0, then from (50) 

tan </> = Csec2^ {I (V) -!(%)} 
or 

sin 2«^ = 2C {I(T) - !(%)} (56). 

From (53) and (56) 

= 

therefore from (55) 

sin 2(« = 2C {I(i’o)-~I(«^)} (58). 

Then (52), putting (9 = - oj, 

\ tan (0 = - tan ^ + 0 {I(V)-I(r)} (59). 

From (52) the direction of the projectile to the horizontal can he found at any point of 
the trajectory when the remaining velocity v is known and vice m'sd. 

In equations (63), (54), (55), (57), (58), (59) the v refers to the striking velocity at the 
end of the trajectory, 

SlTMMAKY OF FoEMIJLAS FOR DIRECT FlRE WITH FLAT TrA.TECTORIES. 


X = C{S(V)-S(.)}, 

T - 0{T(V) - T(r)}, 
tan B - tan ^ - C {I (V) - I (r)}, 
sin 2<ji — Ca, 


T ^ ' s(V)-s(.>)J’ 

also 

sin 2c/. = 2C {I (Y) - I {c,) }, 

!(..)= AiZViAW, : 

ri.. 2.. = 2C - I («) } - 2C {I (,>„) - I (,.)}, 

tan w = - tan (j> + 0 {I (V) - I (r)} . 

* The double-entry Table VIII gives the values of « = 2 -T I (V)— 1 in terms, of V and the 

1 S ( V} -^S (v) j 

reduced range 5 where R is in yards, and 5 = ™= S (V)— S(u) ; hence by giving to V different values, 

1 ! is calculated for different ranges, supposing C = 1 ; by means of Tables IV, V, a series of values cf a can be 
obtained for these ranges direct. 

JExample ; — A 9 •2-inch gun has a muzzle velocity V = 2600 f/s ; 0 = 55 find the value of a for V = 2600, 
range R = 5000 yards. 

The reduced range ~ = 1000 yards = 3000 feet, therefore 

3000 = SjBoo-Sr, 




This is tl^ figure found in*TJb]e VIIJ for values of ,V = 2600 f/s, = 1000 yards. 


CHAPTER V. 


ACCURACY OF FIRE. 


In Part I, Chapter III, examples were given for finding 50 per cent, zones from the results of 
firing a number of rounds^ the practical use to he made of the Table of Probability factors 
was also shown, not only when the mean point of impact is the centre of the target, but also 
when it is not so situated. ^ 

In this chapter the theoretical basis of the rules employed will be given. Take as 
co-ordinate axes the line drawn from the gun G to the centre of the target for axis of a;, and 
for axis of y the horizontal line through the gun at right angles to the axis. 


Fig. 1. 



The abseissie of the points of impact, Pj, P 2 , ..., give the ranges actually obtained, and 
the arithmetic mean of the abscissa}, or the average abscissa, yields the abscissa of the centre 
of impact. 

Similarly, the arithmetic mean or average of the ordinates gives the ordinate of the centre 
of impact. 

Let M be the centre of impact and let the co-ordinates of the 11 points of impact 
Pi, P 3 ...P„be 

‘^2, >*'3 . . - a’rt, 

yi, y3...y«. 

Let (.To, yo) represent the co-ordinates of M, then 
rci-i-a-o-f- ... -f 

HQ = = — , 

n n 

= :yi+y2+-+y,i ^ , 

n n 


Hence the position of the centre of impact is determinbrl. 
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The choice of co-ordinate axes is quite arbitrary. It may be convenient sometimes to 
choose an origin of co-ordinates on the target itself; this is frequently done, and is, of course, 
done when the target is vertical. Occasionally, however, it is useful to put the successive 
ranges in evidence as has been done above, so that the ordinate of the centre of impact gi^^e3 
the mean range of the gun as fired. ’ 

Now transfer tlie origin to the centre of impact without altering the directions of 
the axes. 

Let 

fllj «3 • • • Cfij, 

K_ 

denote respectively the absciss® and ordinates of the points of impact referred to the 
new axes. 

Since the centre of impact is now at the origin, 

0 — cb + 4- ^3 + • • • + _ hCi!' ^ 

n n 

0 = + . ■ . -h h g _ ^ ^ 

n n 


and 


= 2/; = 0. 


The numbers ui, a-i ... cin are called the Imgitudiml deimtious of the points of impact, and 
the numbers /q, • hi the horkonfal or lateral deviations of the points of impact. 

Observe that dematians have always reference to the centre of impact. 

The result reached indicates that the algebraic sum of the horizontal or longitudinal 
deviations is zero, so that the sum of the positive deviations (in either direction) is equal to 
the sum of the negative deviations, numerical value being alone attended to. 

When the position of the centre of impact on a horizontal plane is known, then the angle 
of descent (assumed to be the same for all the shots) determines the position of the centre of, 
impact and of all the points of impact upon a vertical target, s denoting the vertical axis 
through the centre of the target. 

Suppose any one shot strike the horizontal target at a distance h yards from the vertical 
one and Imjond it, then this vertical target will he struck at a height h tan /5 yards above the 
ground, so that (neglecting ricochets) the centre of impact is at a height 

?' = tan + ?2 tan -i- ... -f li tan /3 _ Zi -t-L>+ .../» tan/j _ ^ n 
n n 

The centre of impact has an important property connected with what is known as the 
“ theory of lea.st squares.” 

The sum of the squares of the longitudinal (or horizontal) deviations with reference to the 
centre of impact is a minimum ; that is, less than if a point, other than the centre of impact, 
were taken as origin of the co-ordinate axes with reference to which the deviations are 
measured. 

This can easily he proAmd, because 

cii = .I'l ~ Xq; a -2 = a ’2 - .'To ; (-h = and so on, 

therefore 

* ~ ~ 2xQ'Ex+nxo\ 
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therefore 


Si- = Sr- - 

sllo^ving that Sfi- is always less than Sr-, the defect being an essentially positive quantity, 
unless f'V) = 0, when, obviously, there must be equality. 

Hence S;';- is a minimum when the origin is the centre of impact. 

It follows tliat the sum of the squares of the absolute deviations has the minimum value 

W'hen the deviations are taken with respect to the centre of impact. 

Certain definitions are now necessary in order that we may connect the dispersion of the 
points of impact with the accuracy and precision of the rveapon. 

The menii longitidinal demation is the arithmetical mean of the absolute values of the 
longitwliiial deviations. By absolute value is meant numerical value with abstraction of 
algeliraic sign. 

This is calculated either hy dividing the sum of the absolute values Ijy the ]uiml)er of 
shots or Iry dividing the sum of the values of the positive deviations hy half the numlicr 
of shots. 

With abstraction of sign, the expression is 

. 

u 

The mean- loiujitwlmal quudmUc deimtimi, as found hy theory, is (see p. 93) 



which, when ii is not very small, so that oi- 1 may he replaced hy n, is practically the square 
root of the arithmetic mean of the squares of the longitudinal deviations. 

The probable hngitwUml deviation is that, with respect to which the probabilities of 
obtaining greater and less deviations are equal ; that is to say, iu the results of a large number 
of shots of the same series, half of the longitudinal deviations should be less than the probable 
deviation and the other half greater; and the probability of obtaining a deviation less than the 
probable deviation from any particular shot would be one-half. The deviation of a single 
shot i.s evidently just as likely to exceed as to fall short of the probable deviation. 

The same definitions apply, mutatis mutandis, to horizontal, vertical, and absolute 
deviations. 

Similar definitions are employed with regard to “errors” in the theory of observation. 
The following notation will be used ; — 

V /,,\ 

The mean longitudinal deviation ; e (a:) = ~A i- 
„ 3 , horizontal deviation : e(i/) = 


longitudinal quadratic deviation : E (a;) = 

horizontal quadratic deviation' : E (y) = ^ 

The probable longitudinal dei-dation : p (;/;) 
5 , „ horizontal deviatioif : p (?/). 


V (li-l)' 

rw) 

!)■ 
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Eig. 2. 



A 


On page 94. from the results established in the Theory of Probabilities, in the case 
when n is large 

p = 0-6745E; E-l-4S26p; 

P - 0-S453f?; c = lvl829p; 



E = 1-2533^] 


€ = 0-7978E; 
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where all the letters may refer to either hr or y. Of the three quantities e, E, and p, the 
probable deviation p is usually chosen as a means of comparison of different guns or different 
series of shots with the same gun. 

From the results of a series of shots both e and E may be calculated by measurements 
connected with the group of impacts, and from either or both of these quantities p may 
be deduced by multiplication by a numerical coefficient. The calculation of e being more 
simple than that of E, p is deduced with greater facility from e than from E ; but unless the 
number of shots is very great, the calculation of p from E has a greater guarantee of accuracy 
than from e. 

Suppose that lines are drawn parallel to the line, joining the gun G- with the centra 
of impact M, and distant py to the right and left of M ; also through M, and on either 
side of it at a distance px, draw lines at right angles to hlG, ^ 

Then, looking to the definition of px, in the zone LL, of length 2px, and of indefinite width, 
50 7o shots (the nmnber being large) -will probably fall; this is termed the 50 7o 

length zone. 

Hence the 50 7o ^'^ngfh mne has a length 

2px = l-69ca. = l‘349Ea,.. 

So in the breadth zone BB of indefinite length hut of width 2px, 50 7o of the shots will 
probably fall ; this is called the 50 7o ?xme, its width is 

2py = l-69cy = 1-349E2,. 

The 507o height zone is similarly constructed, its height on a vertical target is 
2p, = 2px tan 13, 

where /3 is the angle of descent for the range, and the mean point of impact on the vertical 
target is in the middle of this 50 7„ height zone. 

If the 50 °/^ breadth and length zones be superposed we obtain a rectangle which must 
contain 50 7„ of 50 °/^ or 25 7^ of the total number of hits. This is called a 25 7a Teetangle. 

In a similar manner there is a 25 °j^ rectangle on a vertical target derived from the 
50 7a breadth and height zones. 

The relative accuracy of different guns at different ranges is frequently estimated l)y the 
dimensions of this rectangle. 

Example 1. — From data obtained at Sandy Hook with a M.L. rifled mortar at a mean 
range of 3357 yards the following values of re and y were obtained, the origin being on the 
horizontal target at the shortest range (“Handbook of Problems of Direct Fire,” Ijy 
Captain James M. Ingalls) : — 


ITo. of 
round. 

Eange. 

X. 

y- 


a. 

, ■ ■ ' 

178 


yai-ds. 

yards. 




3264 

0 

4 

— 

93-11 

-4-67 

179 

3348 

84 

16 


9-11 

+ 7*33 

180 

3296 

32 

9 

— 

61-11 

+ 0-33 

181 

3427 

163 

12 

+ 

69-89 

+ 3 '33 

182 

347.3 

209 

0 

+ 115-89 

-8'67 

188 

3318 

54 

6 

_ 

39-11 

-2-67 

, 184 

3320 

56 

10 

_ 

,37 -11 

+ 1-33 

185: 

3408 

144 . . 

12 

'■ + 

50 -89 

+ 3-33 

186: 

3360 

96 

9 

r 2 *89 

+ 0-33 
r 
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Here 

Therefore 


1 

Sc = 838, = 78. 

Xo = 1 2» = 93-11 and Yo = | 2^ = 8-67, 


giving the position of the centre of impact. 
Since 


(h = :Zi-Xo, &c., and = ;yi-Yo, &e., 


we calculate the a and i columns which give the co-ordinates of the points of impact referred 
to the centre of ’•impact as origin. 

The sum of She absolute vahres of the deviations a is 479-11, and that of the deviations i 
is 31 -99. 

Hence 


.(.r) = 


479-11 


53-23: 


31-99 or- 
c (,y) = — — = 3-00 ; 


and from the numerical formulas 

/j(jj = 0-845c(.>;) — 44-98 yards; 2p(.r) = l-69€(,r) = 89 '96 yards; 
p (y) = 0 ■ 845c (y) = 2-99 yards ; 2/j (y) = 1 - 69€ (y) = 5-99 yards ; 


giving the probable longitudinal and horizontal deviations and the width of the 50 length 
and breadth zones as computed from the mean deviations. 

’ Also 

2a®= 36306-9; hence %{x) = = &r-37 ; 

3= = 183; E(,/) = ^i|-:= 4-77, 

Therefore 

/)(.«) == 0-6745E (;>:;) = 45-44 yards and 2p(r(-) = l-349E(;r) = 90-88 yards; 

p(y) = 0'6745E(y) = 3-215 yards and 2p (y) = 1 - 349E (y) = 6 -43 yards: 

the similar results computed from the mean quadratic deviations, and it will be seen that they 
differ but slightly from those obtained from the mean deviations. 

A 25 7o rectangle made by the overlapping of the 50 7a zones is 90 '88 yards by 
6 - 43 yards. 

The diagrams given herewith are extracted from Knipp’s ArtMlerie, li handbook issued at 
Diisseldorf, 1902; they Avill serve as further exercises for determining 50 7a zones from 
practice. 


Distance 
0650 m- 


Distance 
•9670 m~ 


Distance 
12870 m 


6640 

6630 

6620 

6610 

6600 

6590 



32. 

, 31 


29 

, 30 

_ 

zlL 

28 


26. 

'rsr- 



.:3L 


2r 



21 

20 


17. 


6580 


lig. h 
Distance 1 



55* 


9660 



9650 



9640 

54 


9630' 

53 


9620 


*32 

961Q 

50. 

■51 

49 

9600 : 


48 

9590 : 

■k). 

45 

44. 

TT" 

♦ 43 

9580 

42* 
40 . 

41 

9570 

39* 

• 38 

.37 

9560 



9550 : 


36 

9540"“*" 




Distance I 


12860'— 
12850 — 
12840 — 
12830 — 
12820 — 
12810 — 
12800 — 
12790 — 
12780 — 
12770- 


1 1 
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The pereentige of hits in other zones, which are symmetrical about the centre of impact 
in the direction of either axis, may be determined, and also the width of zone that may lie 
expected to include a given percentage of hits. 

To do this, we require a table of probability factors deduced from theoretical considerations, 
explained on p. 94. * 


Table of Pkobability Factors. 


The following gives the jiroportional width of other zones (containing a different percentage 
of hits) to one of 50 7o unity. 


Per 

cent. 

Factor. 

Per 

cent. 

Factor. 

Per 

cent. 

Factor. 

Per 

cent. 

Factor. 

Per 

cent. 

Factor. 

1 

0-02 

21 

0-40 

41 

0-80 

61 

1-27 

81 

1 -94 

2 

O-Oi 

22 

0 -41 

42 

0-82 

62 

1-30 

82 

1 -98 

3 

0-06 

23 

0-43 

43 

0*84 

63 

1-33 

83 

2-03- 

4 

0-07 

24 

0*45 

44 

0-86 

64 

1-36 

84 

2-08 

5 

0-09 

25 

0*47 

45 

0-89 

65 

1 -39 

85 

2-13 

6 

0*11 

26 

0-49 

46 

0-91 

I 66 

1-42 

86 

218 

7 

0M3 

27 

0-51 

47 

0-03 

67 

1-45 

87 

2-24 

8 

0M5 

28 

0-53 

48 

0*95 

68 

1-48 

88 

2-30 

9 

017 

29 

0-65 

49 

0-98 

69 

1-51 

89 

2-37 

10 

018 

30 

0-57 

50 

1-00 

: 70 

1-54 

90 

2-44 

11 

I 0-20 

31 

0-59 

51 

1 ‘02 

! 71 

1 -57 

91 

2-52 

12 

0 -22 

32 

0-61 

52 

1-04 

! 72 

1-60 

92 

2-60 

13 

0 -24 

33 

0-63 

53 

1-07 

1 73 

1 ‘(54 

93 

2-69 

14 

0-26 

34 

0 ‘63 

54 

1-09 

i 74 

1 -67 

94 

2-78 

15 

0-28 

35 

0-67 

55 

1-12 

I 75 

1-71 

95 

2-91 

16 

0-30 

36 

0-70 

56 

1*14 

i 76 

1-74 

96 

3-04 

17 

0-82 

37 

0-72 

57 

117 

77 

1*78 

97 

3-32 

18 

0-34 

38 

0 -74 

58 

1-19 

78 

1 -82 

98 

3-45 

19 

0-36 

39 

0-76 

59 

1-22 

79 

1 -86 

99 

3-82 

20 

0-3S 

40 

0*78 

60 

1-25 

80 

1 -90 

100 

Infinite* 


* As a factor of 4 gives more than 99 % of the rounds fned, it may be taken, for pi-actical purposes to give the 
total of 100 °/e. 


In the first column will be found numbers representing the percentages of hits that 
may ho expected in the zones; the corresponding factors represent the multiples that the 
widths of the zones are of the width of the 50 °/„ zone. 

To find the width of the length zone that will contain 75 7o nf the hits, avc enter the 
table at the number 75 in the column headed “Per cent.,” and find the corresponding factor 
to be 1’71. We deduce, therefore, that the width of the required zone is 1*71 times the 
width of the 50 7o length zone. 

Also to find the percentage of hits that will be included in breadth zone 1-25 times the 
width of the 50 7o breadth zone, we enter the table at the number 1‘25 in the column 
headed “Factor,” and find the corresponding percentage to bo 60. We conclude that 60 7o of 
hits will be found in the given breadth zone. 

Intermediate results can be obtained from the table by interpolation. 

Ecctangles containing a given percentage of hits can he obtained, and conversely we can 
determine the percentage «oi hits that will he found in any given rectangle which is 
symmetrical aliout the centre of impact. 



Suppose a rectangle to Idb obtained by superposition of a length zone of p and a 
breadth zone of q then the rectangle will contain 


P '1 7 =) 

For the design of a rectangle to contain E 7o relation 


M _ T> 

100 

for the determination of j) and q. The ecpiation has an infinite number of solutions, so that 
%rc can design an infinite nnmher of rectangles containing the given percentagrs E of hits. We 
may give q any value we please, and thence determine from the equation 

lOOE 

Of = . 


We look out p and in the column of the table headed “ Per cent.,” and thence find 

the widths of the length and breadth zones, which, by superposition, give an E 7, rectangle. 
These \vidtlis are the longitudinal and horizontal sides of the rectangle. 

The 25 7c, rectangle already met with is thus only one of an infinite nnmher of 25 7o 
rectangles. For its design we excluded 50 of hits for horizontal deviations and 50 7o 
longitudinal deviations. 

It is frecpiently desired, as in this case, to exclude the same number of hits for horizontal 
as for longitudinal deviations, and then the determination of the rectangle rests upon the 
equation 

f = lOOE, 
or 

g - 10 7E. 

An example will make the subject clearer. 

Examph 2. — Find a rectangle containing 50 7o ^^ich that the same nnniber of 

hits may he excluded for horizontal as for longitudinal deviations. Here E = 50, and if q be 
the percentage of hits in the breadth and length zones which, l:)y superposition, give the 
rectangle 

q ^p = 10750 = 70-7; 


entering the table we find, by interpolation, the factor 1’56, so that the widths of the zones 
are 1*56 times the widths of the corresponding 50 7o zones. Hence the sides of the 
rectangle are, 

l-56x2pa, - 3-12p.^, 


and 


l*56x2pj, = 3-12p.,,. 


A study of the table shows that a zone four times the width of the 50 7,, zone practically 
contains the whole of the hits. This zone is termed the enveloping PMneP By .superposition 
of the enveloping breadth and length zones we obtain the emeloping redangle, which may be 
shovui to comprise 98-6 7a (practically all) of the hits. 

It is obvious that in majiy oases the horizontal deviations will not be of ,so much 
importance a.s those in the longitudinal direction, and that it will be useful to calculate 
rectangles ^r^lich give relatively small importance to the horizontal deviations. In the extreme 
case of ii gtin whicli shoots practically perfectly as to line we iieed only consider the length 
zones which ar^Jm ext reme cases of the rectangles. * ® 



SD 

■» 

Example 3.?-The numbers of hits excluded for liori^iontul ami ](,)ii--iiudinal deviation^, 
respectively being in the ratio of 2 to 3, determine the dimensions <if the 50 ' I'crtiUiglo. 

Let the longitudinal zone 1)e one of j? and the width zone be tnie of tj / . 

Then 

100 - <i = I (100 -p), 
or 

32-= 2^4-100 . (1). 

Also p °/^ of q gives the 50 °/^ rectangle, therefore 

100 " 100 100 ’ 

% 

pq — 5000 . . . • (2), 

from (1) and (2) 

■j} = 65 • 1 4, 
q = 76-76. 

From the table the factors are found to be 1-40 and I -77. 

Hence the sides of the rectangle are 

l-40x2p(®) = 2-80p(.7‘) 
l-77x2pCy) = 3-54p(;;/) 

The actual number of hits obtained upon a givm target depends upon the position of the 
mean point of impact relative to the target. For examples showing the method of calculating 
the actual number of hits, see Part I, pp. 96-109. 

The co-ordinates of the centre of impact, M (fig. 1), have been denoted by Xo, Yo. If 
the target is horizontal and the origin at the firing point, Xo is the arithmetic mean of the 
several ranges actually obtained ; only when the number of rounds is increased indefinitely 
does Xo represent the exact range appertaining to the gun as laid. 

The probable deviation of a single point of impact has been denoted by p {x ) ; this also 
is deduced from the rounds fired, and is only exact when the number of rounds increases 
without limit. The probable deviation of the centre of impact, deduced from a series of 
71 rounds, from the true centre of impact is found by dividing the probable deviation of a single 
shot, deduced from the series, by the square root of the number of shots. 

Thus if p (ai) be the probable deviation in range of a single point of impact, 

Jn 

is the probable deviation in range of the centre of impact of a group of n shots. 

As an example take the data of Example 1. From 9 rounds a mean range of 3,357 yards 
was obtained, and the probable deviation in range of a single shot was found to be 45 - 44 
yards. The range that might be expected to be obtaizietl from a .sizigle shot -would l)e denoted 
by 

3357 ± 46-44 yards; 


and it is an even chance that if another 9 shots were fired their arithmetic mean would fall 
within the limits 


or 


•f ^ 

" .s/9 


• 3357 ± 15 -15 yards. 


(9263) 


90 


Probability OP Fire 

According to tlie theory of Probability, a certain curve, called the mw curve, of the shape 
in fig. 3, can be drawn representing graphically by its area the percentage (7J of shots 
which in tlie long run can be expected on a tai’get of given dimensions. 

Suppose, for instance, that xOx in fig. 3 is drawui along the line of mean direction so 
that 0 is at the point of mean impact, and that in a very large series of practice all the shot 
which struck on the line QQ' are arranged in contact along the ordinate MP ; if this is done 
with all the shot, they will be found arranged in a certain area, bounded by the straight line 
x'Ox and the error curve m'Ax. 

This curve of error can he realised experimentally by an instrumei^ invented by 



Mr, Francis Galton, which he calls the Qimicmix, from the Latin word describing the arrange- 
ment of trees in an orchard (sec Part I, p. 96). 

A charge of small shot is allowed to pour through the funnel at the top ; the shot knock 
against pin.s arranged lilce trees, and are scattered thereby in an arbitrary manner ; but it is 
fomid that the shot always group themselves in the stall at the bottom in a manner which 
imitates closely the profile of the ei-ror curve. 

The error curve (fig. 3) is redrawn here to a larger scale and as accurately as jiossible, the 
right-hand half alone being given, and in accordance with abstruse theoretical principles, the 
error curve can be best represented by an equation of the form 

/ x^\ 

•ij ^ m ?5oraexp (- — b 

So that when x ~ 0, i) ~ a = OA, and “a’’ represents the number of shots (out of a 
large number) which struck on the line OA. 

The curve ;// ~ ae is symmetrical to the right and left of,, QA, where 0 is the mean 
point of imijact, thus stating that plus and minus deviations are equally likely to occur. Again, 
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as ic increases fne ordinate y decreases, whicli is tlie same as stating that small deviations 
(from 0) are more frequent than large ones. The curve rapidly approaches the avis .r’O.';, on 
either side of OA, which includes the statement that large deviations are rare, and, beyoml a. 
certain limit, practically do not occur. 

All the shots fall within the area Denote this area by 2A, then 


2 A ” ® j* ® dx = 2a I e di 

= 2ac ! fU where t = 
Jo * 


(},X 


Hence 


2 A — ax x/tt- 

roo 

But a I d~ dx is the probability of a shot falling anywhere along x!Ox from 
- 03 to a; = + 00 , hence it is a certainty, and 2A = 1, giving 


denoting - by //, then 


a \lir 


= h ~ a, sj-ir. 


The probability curve can now be written 




The total area of this curve is 2 A = 1, and twice the area OMBA therefore represents 
the probability that the error will he within ± x. Denote the area OMPA by P, then 


Putting kx = /, 


^ —j~ j a (U ~ —,— 1 exp ( - tr) dt. 
\'^]o * vttJo 


This integral must be evaluated by approximate numerical computation. 
Integrating by parts, and putting 


But 


and 


so that 


j » I e~t>(U- jV"’*. 

' . 0 2 

11.3 1..3 5 , 1 

F “ ^ (2^7 " '•* j’ 

-D 2 f, 1 1.3 1.3.5 1 

I'iu ’ + " (2f+ + 
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The tabulation of P for various values of t is as follows : — 


t — Lv. 

0. 




-V IT 

0 


1. 

2. 

3. 


5. 

6. 

7. 

8. 

9. 

0 -0 

0-0000 

0 -0113 

0 -0226 

0 -0338 

0 -0451 

0 -0564 

0 '0676 

0 -0789 

0 -0901 

0 *1013 

0-1 

•1125 

•1236 

•1318 

•1459 

*1569 

•1680 

•1790 

•1900 

. -2009 

•2118 

0-2 

•2227 

•2335 

•2443 

•3550 

•2657 

■276B 

•2869 

•2974 

^ -8079 

•3183 

0-3 

•3286 

•3389 

•3491 

•3593 

•3694 

•3794 

•3893 

•8992 

* -4090 

•4187 

0 -4 

•4284 

•4380 

•4475 

•4569 

•4662 

•4755 

•4847 

•4937 

■5027 

■5117 

0 -5 

0 -6205 

0-5292 

0 -5379 

0 -5465 

0 -5549 

0 -oOSS 

0 -5716 

0 -6798 

0-5879 

0 -5959 

0-6 

•6039 

•6117 

•6194 

•6270 

•6346 

•6420 

•6494 

•6566 

•6638 

•6708 

0-7 

■6778 

■6847 

•6914 

•6981 

•7047 

•7112 

•7175 

•7238 

•7300 

•7361 

0-8 

•7421 

•7480 

•7538 

•7595 

•7651 

•7707 

•7761 

■78 J 4 

•7867 

•7918 

0-9 

•7969 

•8019 

•8068 

•8116 

•8163 

■8209 

•8254 

•8299 

•8342 

•8385 

1 -0 

0 *8427 

0 -8468 

0 -8508 

0 -8548 

0 -8586 

0 -8634 

0 -8661 

0 *8698 

0 -8733 

0 -8768 

1-1 

•8802 

•8835 

•8863 

■8900 

■8931 

•8961 

•8991 

•9020 

•9048 

•9076 

1-2 

•9103 

■ -9130 

•9155 

•9181 

•9205 

•9229 

•9252 

•9275 

■9297 

•9319 

1 -3 

•9310 

•9361 

•9381 

•9400 

•9419 

■9438 

■9456 

•9473 

•9490 

•9507 

1 -4 

•9523 

•9539 

•9554 

•9569 

•9583 

■9597 

•9611 

•9624 

•9637 

•9649 

1 -5 

0 -9661 

0 -9673 

0 -9684 

0-9695 

0 -9706 

0 -9716 

0 -9726 

0 -9736 

0 -9745 

0 -9755 

1 -6 

•9763 

•9772 

•9780 

•9788 

•9796 

i -9804 

•9811 

■9818 

•9825 

•9832 

1 -7 

•9838 

•9844 

•9850 

•9856 

•9861 

1 *9867 

•9872 

■9877 

•9882 

•9886 

1-8 

•9891 

•9895 1 

•9899 

•9903 ! 

•9907 

•9911 

•9915 

•9918 

•9922 

•9925 

1-9 

•9928 

•9931 : 

•9934 

•9937 

•9939 

: *9942 

•9944 

•9947 

■9949 

•9961 

2*0 

0 -ggss 

0-9955 j 

0-9957 j 

0-9959 ^ 

0-9961 

0-9963 

0 -9964 

0 -9966 

0 -9967 

0 -9969 

2*1 

•9970 

•9972 

•9973 ! 

•9974 I 

•9975 1 

•9976 

•9977 

•9979 

•9980 

•9980 

2 *2 

•9981 

•9982 ' 

•9983 1 

•9984 

i -9985 i 

•9985 

•9986 

•9987 

•9987 

■9988 

, 2*3 

•9989 

•9989 i 

•9990 i 

•9990 1 

1 -9991 I 

•9991 1 

■9992 1 

•9992 

•9992 

•9993 

2*4 

•9993 

•9993 

•9994 j 

•9994 

•9994 1 

•9995 1 

•9995 1 

•9995 

•9996 

•9996 

i 2 *5 

0 -9996 

0-9996 

0-9996 

0-9997 1 

0 -9997 i 

0 -9997 

0-9997 

0 -9997 

0 -0998 

0 -9998 

j 2-6 

■9998 

•9998 1 

•9998 

•9998 i 

•9998 1 

•0998 

•9998 

■9998 

•9998 

•9999 


1 -ooop 


j 







i 


And by interpolation we have — 



P. 


P. 

0-0443i 

0-05 

0-5342 

0-55 

0-08888 

0-10 

0-5951 

0-60 

0-1337 

015 

0-6609 

0-65 

0-1791 

0-20 

0-7329 

0-70 

0-2253 

0-25 ; 

0-8135 

0-75 

0-2724 

0-30 i 

0-9062 

0-80 

0-3208 

0:35. , . J 

. , .1-0179 

0-85 

0-3708 

0*40 

1-1631 1 

0-90 

0-4227 

0-45 I 

1-3859 

0-95 ■ 

0-4T69 

0-50 |! 

1-8215 ^ ^ 1 

0-99 i 

_ ..-..J 

- : - ■ ■ 


.**i 1 


i 
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In the long run, the mean arithmetic error e, is the abscissa OH of the C.G. of the 
a OA.:c = \ the equation to AKP is y = -n=-exp ( - lih'P), so that 

sin 


Therefore 


^ . A, . 




7^ 








h Jtt 


NoM‘, let E denote the mean quadratic error, so that E is the radius of gyration of the 
area AO;c about OAy, 


E- . 4. 


I,.,,. 

Jo 


~7^'\ m Jo 

Since A ( co) = 


2'‘'*[i+ (te)^ +®‘ z]„ 


1 sJtt 

w 


J_ 

^ 4A2 ’ 


therefore 


W- 2 ;^ 


so that the point F on the curve ABFP is a point of inflexion, as is seen hy putting 


so that 


and 


'^'Jl =. 0, where v = 
dx ^ ‘ x/tt 


E . /rr 

= A / ^ 




Ex/2‘ 


The abscissa p = OD of the ordinate BD, which cuts the area AOa: in half, is called the . 
j/robabh- mv)\ because in the long rim half the shots have a greater error and the other half a 
less' error than p. The lin^ ‘BD and the parallel symmetrical line B'D' cut out the middle 
half of the whole area .'//B'AB:?; of the error curve, so that the probability is that half the total 
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number of sliots fall within the zone DD' and the other half fall outside DD' ; hence the zone 
D'D will probably catch 50 of the shots, and of the remainder 25 °/„ fall in the zone D'rd 
and 25 in the zone Da;. 

The zone D'D is called the 50 7, zone. 

To pul the length B'D = 2p. , ' ■ 

The value of hx) corresponding to P = 0-5 is *4769, hence 

Ji.p - -4769. 

But 

, 1 1 

hence ^ 

p = -4769 s/'TT.e - 0-8453e, 

2p = 1 -69066, 

also 

P = -4769 72E = 0-6745E, 

2p = 1-3591. 

So that a 50 7o zone breadth is equal to the mean arithmetical error obtained from the 
analysis of all available practice, multiplied by 1-69. 

Other zones are found in a similar manner, thus the 25 °/, zone ; — 

When P = 0-25, then ^ = ha = 0-2253, and the 26 7„ zone is 

2a- = 0-2253 X ?, 
h 

25 7c zone = -2253 x 2 = 0-9024e, 

also 

breadth of 25 °/^ zone _ *2263 _ 0-47 ‘^5 ~ 

breadth of 50 7* zone -4769 ’ 

similarly 

bimdth of 75 7„ zone __ ‘8135 _ 1-7058 
breadth of 50 7^ zone • 4769 

and so on for any zone. 

To determine the of hits to be expected in a zone bounded by any ordinate MP and 
its symmetrical ordinate M'P', the ratio of the breadth MM' of this zone to D'D, the breadth 
of the 50 °/„ zone, is calculated, and called the py'ohaUlity farM\ and a Table of Prohahility 
Factors is calculated, giving the which the MPP'M' of the error curve bears to the Avhole 
area and the corresponding probability factor. 

When the ordinates PM and P'M' which limit the zone occupied by. the target are not 
symmetrical with respect to the line of mean impact AO, the 7„ of hits to he expected on 
each part AOMP and AOM'P' must be calculated separately, and these are added or 
siibtracted according as PM and P'M' are on opposite sides of AO or on the same side. 

Thus, if the number of hits on a zone hounded by PM and P'M' is less than what should 
he expected, the inference is that the gun is not laid properly so as to bring the line of mean 
impact AO midway between PM and P'M'. 

The probability table, on p. S7, has the factor 0 ■ 47 opposite the 25 and 1-7 is opposite 
the 75 7'o > the factor for other percentages is worked out as shown above. It is understood 
that the centre of impact is at the centre of the target. ^ 



To four places of decimals, the factors for the following percentages are now given : — 


Per cent. 

Factor. 

Per cent. 

Factor. 

5 

0-0930 

55 

i-1201 

10 

■ 0-1863 

60 

1-2479 

15 

0-2804 ^ 

65 

1 • 3857 

20 

0-3756 

70 

1-5368 

1 25 

0-4725 

75 

^ 1-7058 

30 

0-5713 

80 

1-9002 

35 

0-6727 

85 I 

1 2-1344 


0-7775 

90 ! 

i 2-4389 

46 ^ 

0-8863 

95 1 

2-9061 

50 

1 

1 

.99 

1 

1 3-8195 


If the target fired at is limited by two dimensions, say, length and breadth, or breadth 
and height, it is treated as the overlapping of two such unlimited zones, for which the 
separate of hits is calculated, and the product of these gives the required percentage. 

jSIodern range tables contain three columns, giving at each range the size of the 60 °j^ 
zone for errors in range, direction, and vertical deviation ; and now the probability factor 
enables us to calculate the of hits to be expected on a zone of given depth or length in> 
range, or of breadth in direction, or of given vertical height; thence we infer the number of^ 
shots required to make an assigned number of hits, and can decide whether the object is; 
worth the ammunition to be expended. 

The theory of Probability is also useful in the design of match targets, and in comparing; 
the results of competitive artillery practice carried out under different conditions. ' 

In designing a vertical target for rifle shooting, the breadth and height may be taken as 
four times that of the 50 zones, as more than 99 % of the shots should noAV be caught by 
the target, if the rifle is properly aimed. 

The overlapping of the two 50 zones will' give a 25 “/„ rectangle, which may be taken 
as appropriate for the ImU’s-eye ; two 70‘7 7<. zones will enclose a 50 7„ rectangle, which will 
serve as the boundary of the inner; while two 86‘6 7o zones will enclose a 75 “7, rectangle, 
axjpropriate for the magpie^ the space between this and the enveloping rectangle being the mter. 

On a circular target the radius of the biilFs-eye, centre, inner, and outer would be 
obtained by the revolution of the eiTor curve round Oy, and determining the radius of the 
cylindei' which eids out 25 50 75 7o> ‘‘‘od 99 of the total volume enclosed by the 

surface generated. 

Then if r is the radius of the circle, with centre at the point of mean impact on the 
target which catches 100 P 7, of the shots, 

p _ {>') 

The equation of the probability curve is 


96 


therefore 

and 


P = 


= = E^/2, 


where e is the mean arithmetical error, and E is the mean quadratic error. 

If p represent the radius of the probable deviation, hp = -4769 (see p. 94), then 


and 


rf.=. 


p *4769 




i-p; 


: 2 -097 .s/2 -302 
^ 3-181 V(iog,;^:^), 


so that the radii of the circles for the various 7o ^te calculated as follows ; — 


p. 

■ 

1 

i-p‘ 

logic 

P ' 

0-25 

1*3333 

0*1249 

1*13 

0-50 

2 

0*3010 

1*76 

0*75 

‘ 4 

0*6020 

2*5 

0-99 j 

100 

2-000 

4*5 


Thus with a rifle at 500 yards range the probable deviation p might be about 4 inches, thus 
making the radii of the 25, 50, 75, and 99 7o circles about 4 -5, 7, 10, and 18 inches, as shown 
in fig. 4, drawn to a scale of An erpert marksman should bring the centre of impact 
very close to the centre of the target, and then 99 7o of the shots should be on the target, 
and 25, 25, 25, and 24 °/^ in each compartment. 


Fig. 4. 



If four marks are scored for a huU’s-eye and 3, 2, 1 marks for the other compartments, 
the probable score for 100 shots would he 

25x4 + 25x34-25x2 + 24 = 249. 

The same thing will hold when the two errors, lateral and vertical, p (cc) and p (y), are not 
equal ; and Jiow the circular curves must be replaced by similar ellipses. @ 




Determination of the Mean and Probable Errors of Functions of Independent 
Observed Quantities, 

Let e<; denote tlie probable error in yards at a given range due to the layer, and e,, the 
probable error in yards at the same range due to the gun, these probable errors are 
independent of each other, and then 

E- = 

where E denotes the probable error due to the combined probable errors of the layer and the 
gun (see Chauvenet’s Sphsriml and PraMiml Astronomy, Yol. II, p, 497). 

Abnormal or Doubtful Brmnds in Analysis. 

In the analysis of a number of rounds of a series, one or more rounds may appear to 
differ abnormally from the rest, the question whether these rounds are due to causes of so 
exceptional a character that they are not samples of what may be expected and ought therefore 
to be rejected, should be decided by reference to some criterion which is well established. 

In Chauvenet’s Sphenml and Practical Astronomy, Yol. 11, pp. 5r58~566, such a criteri(.)n is 
explained. 

Let 01 denote the error of a doubtful round so that o: represents the difference between the 
range of the round and the mean arithmetic range. 

Let r denote the probable longitudinal quadratic deviation or the mean quadratic error of 
all the rounds, so that (pp. 94) 

0:^9 ^ 0-6745 ./I©, 

h V n-l 

where 2 (a-) denote the sum of the squares of all the errors from the mean range, n is the 
number of rounds. 

In the following table n denotes the number of rounds fired, and if ^ is less than the 
number opposite n, the round should not he rejected. 

If the ratio ^ be greater than the number against n, then the round may be considered 

doubtful. The neighbouring means, that is to say, the mean longitudinal errors of the groups 
of rounds fired at the same elevations immediately above and below, may in some cases remove 
the doubt j in other cases there may be some equally good extraneous evidence. It must be 
clearly understood that only one doubtful round at a time can ever be cast out by this 
method. 


The Value oft corresponding to Different Values of n. 


n. 

0. 

1. 

2- 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

0 




2-05 

2*27 

2*44 

2*57 

2*67 

2*76 

2-84 

1 

2-91 

2 -96 

3 -02 

3-07 

3*12 

3*16 

3*19 

3*22 

3*26 

3*29 

9 , 

3-32 

3-35 

3'38 

3-41 

3*43 

3*45 

3*47 

3*49 

3*51 

3'53 

3 

3-55 

3-57 

3-58 

3-60 

3*62 

3*64 

3*65 

3*67 

3*68 

3*69 

4 

3-71 

3-72 

3-73 

3*74 

3*75 

3*77 

3*78 

3*79 

3*80 

3-81 

5 

3-82 

3-83 

3-84 ! 

3-85 

3*86 

3*87 

3*88 

3*88 

3*89 

3*90 

6 

3*91 

3-92 

3-93 I 

3*94 

3*95 

3*95 

3*96 ' 

3*97 

3*97 

3*98 

7 

3-99 

3-99 

4-00 

4-01 

4*02 

4*02 

4*03 

4*04 

4*05 1 

4*05 

8 

4-06 

4-06 

4 '06 

4*07 

4*07 

4*08 

4*09 

4*09 

4-10 

4*11 

9 

4-11 

4*12 

4-13 

4*14 

4*14 

4*15 

4*15 

4*15 

4*16 

4*16 
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Bxarn.ple 1 :~ 


Eound. 

Eange in yards. 

Error from mean 
range, a yards. 

1 

4011 

+ 11 

‘> 

4025 

+ 25 

3 

4015 

+ 15 

4 

4050 

+ 50 

5 

4045 

+ 45 

6 

3700 

-300 

7 

4038 

+ 38 

8 

4008 

+ 8 ^ 

9 

4008 

+ 8 

10 

4032 

+ 32 

11 

4026 

+ 26 

12 

4008 

+ 8 

13 

4010 

+ 10 

14 

4025 

+ 25 


The mean range is 4000 yards for 14 rounds, 


= 90,000 + 9506 = 99,506, 

v/avsp-™- 

/■ = 0 • 6745 X 87 • 34. 

The doubtful round is round 6. 

For n ~ 14 the factor from the table gives 3' 12, and the criterion is whether 


that is, if 


-t is greater or not than 3*12, 
r 

« „ „ „ 3-12r, 

a- is 4000 - 3700 = 300, 

3-12r - 3'12x0*6745x87-34 = 146-0, 

hence .r is greater than 3- 12r, and round 6 may be rejected as abnormal. 

Rrajiiph’. 2. — Take the data of the example on p. 84; consider round 182- 
and 2 • 84 is the factor from the table. 


(«“) ^ = ^4538 •3 = 67-3 

V n - 1 ' 8 


the criterion for non-rejection is that x - a ~ 115-89 should be less than 
'6745 X 67-38 X 2-84 = 129-0. 
hence ? is less than 2-84, and round 182 must not be rejected. 



Here n — 9 




CHAPTER VI. 


GUN CONSTRUCTION. 


Considering an inch length of the bore of a gun, the hydrostatic thrust of the interior 
pressure of Fo tons/in.- acting normally to the diametral plane riJoron is 

[ Poro (19 sin d = 2Po7o. 

J 0 

The thrust of the exterior pressure of Pi tons/in., normal to the plane TYi'ifl'ofi is 2Pi/’i, and 

Kg. 1. 



acts in the opposite direction to 2Poro- The difference, 2Po/-o - yPi'/'i, is the residtant tension 
acting on the metal across the two sections /iro. 

Let T represent the tensional stress in tons/iii,- at any point, the total stress is 2 j* T ih\ 
so that 

r‘Tdr = Poro-Pffi (1). 

'"u 

At any point r in the section /orb let the radial pressure be P and the circurnfei-ential 
tension T ; at (/■ + dr) let these become P + fiP and T -i- dT • then the mean tension across the 
small area dr is 


100 


from wliieli 


(P + T)f^f = -rdF 

p + T= ~r^, 
dr 

T = - |(Pr) 


( 2 ). 


The stresses to which the rnetal of a gun are subjected by the pressure of the powder 
gases, or by the shrinkage of the tubes in built-up guns, or the tension of the wire in wire- 
wound guns, must be examined before the principles of gun construction can be understood. 
A metal subjected to a stress will take a permanent set as soon as the stress reaches the elastic 
limit (in tons per square inch) of the metal. ^ 

For gun steel, the elastic limit of extension and of compression is practically the same. 
When a piece of metal is pulled, as, for instance, a test piece of steel in a testing machine, 
it is found that the extension, measured by the ratio of the elongation to the original length, is 
proportional to the tension, which we shall measure in tons per square inch of cross-section. 

Thus doubling the tension doubles the extension ; and so on in proportion, provided the 
elastic limit is not exceeded. 

This experimental la%v is called “ Hooke’s Law,” and it is the axiomatic foundation of the 
Mathematical Theory of Elasticity. Expressed in an algebraical form, if a pull of P tons in a 

P 

bar, K in.^ in cross-section, stretches the length from L toh + l, then the tension tons/in.-, 


and the extension are, by “ Hooke’s Law,” connected by the relation 
h 


P 

tc 

Y = % & constant (3) ; 

L 

where E denotes a number of tons/in.-, called Young’s modulus of elasticity of the material ; 
thus for steel E is about 12,500 tons/in.^, and the extension, 

= P i = A ^ 

L K ■ E K* 

In this case the metal is subject to a single tension, and a certain amount of lateral 
contraetioir takes place ; experiment shows that, for steel, the strain at right angles to the 
direction of a stress within the elastic limit of the metal is equal to one-third of the strain in 
the direction of the stress. 

Consider a small brick-shaped piece of the metal of a gun, the dimensions defined as 
follows: — • 

(i) By two adjacent concentric cylinders of radii r and r-i- dr ; 

(ii) By two consecutive radial planes at an angle dO 

(iii) By two transverse planes at distances x and x -t- dx from one end. 


This give.s 

Width of lower part of the element ..... = rdO, 

Depth of element ^ dr, 

Thickness of element = dx. 


Let the element be acted upon, normally to the surface, by 
T, a circumferential stress ; 

P, a radial stress ; r 

, a longitudinal stress, which is therefore parallel to the axis of the gun. 







IB (# 

where A. == ^ and ^ (Poisson’s ratio), which is equal to f for steel, so that 

Met -a-{P + E), 

^ Efip = P ~ O' + E), 

« E -cr(P+T). 

The interior and exterior radial pressures P act towards each other, and not as shown in the 
diagram, hence the sign of P must he changed in the last three equations, so that 

Ee^ = T + o-(P-E) (a)j 

Ee^= -P-a-(T + E)(5) )- (5). 

Ee, = B + o-(P~-T) (c)j 

The values of e^, tip, e-r may he positive or negative : if positive, the strain is positive and 
represents an elongation ; if negative, the strain represents a contraction. 

It is usually assumed that E is constant, the constant value of E heing taken as equal to 
the total longitudinal thrust tons, divided hy the area of the cross-section of the 

material of the gun, or, in considering the initkil stresses in a state of repose, E may be put 
equal to zero. On the assumption that any plane cross-section at right angles to the axis 
always remain.s plane under the stresses in the material, then is constant or zero ; and from 
the equation E . e,. « R ■+• o- (P - T) the result follows that 


T - P == constant = 2i, say (6). 

Also from (2) 

P + T - -r^ (7), 


hence, hy subtraction of (6) from (7), and emjdo^dug the small letters ‘p and t, 


= - A . 2b, 

(if 

2(^ + 5)= -r|, 

dp _ dr 

pVi 

iog4p+^) = iogv«?-^ 
where u is a constant of integration. 

(s). 

therefore, from (6), 

(9). 

where ft and h are constants whose values depend upon the data in any particular case. 

Suppose for a single tube that the internal (radial) pressure po be known, as also the 
external (radial) pressure pu then 



( 10 ), 
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from which 




■rr - r(f 


( 11 ), 


and in the interior of the tube, the radial pressure ji at a point distant r from the axis of the 
tube is 


and the circumferential tensions are 


a 1 


k ~ 

ro- 




if = ii 


When Pi = 0, then 


p = Po 


' 'i\^ - 

f _ „ dr + 
^ = Ik pr 


also = ''j from (10); from (10), (12) 




and 

so that 


/’rr 


h-pt} — — ~ 

ri“ 

li „ A / 
ro ' V k-pii' 


( 12 ), 


( 13 ), 


From this it is seen that no thickness is sufficient to stand an internal pressure po greater 
than k if the exterior of the tube is unsupported, but this drawback is overcome by exterior 
reinforcing hoops shrunk on to an assigned initial tension. 

As in Part I of Text-Book Gunnery, the different kinds of stresses set up in a gun are 
distinguished by symbols. These are now reproduced. 

Povjder stresses are those set up by the radial pressures of the powder gas throughout the 
mass of the gun. The symbols for these are P, T. 

The initial stresses are those set up by the shrinking of one tube or hoop over another, 
or by the winding on of wii’e at considerable tension over a tube. The symbols for these 
are {p), (0- 

The firing stresses are those which are created in the made xip-gun when the powder charge 
is fired ; it is therefore made up of both the powder and the initial stresses. The symbols for 
these are p, /!. 

So that firing stress = powder stress •+ initial stress. 


Summing up, the symbols are 

Powder stresses P, I'. 

Firing „ . .... p^ L 

^ ^ Initial „ ..... (p), (t). 


In any oross-seetion of a gun, distances are denoted by t'o, n, ^'2-- ?'ns ’vvtere each is the 
radius in inches of the internal radius of the 1st (or inner tube) of rhe 2nd, 3rd ... hoops 
respectively, so that fo denotes the radius of the surface erposed to the powder pressure, 
whilst fg would denote the common cylindrical surface which is the exterior surface of the 
3rd hoop and the interior surface of the 4th hoop. 

Powder Stress. 

In dealing with powder stresses, all consideration of the initial stresses in the completed 
gun is left alone, the problem then amounts to this : — ■ 

A pressure Po is applied to the interior of the inner tube, suppose the gun consist of an 
inner tube and three hoops, what will he the radial pressure and circumferential tension 
produced at any part of the gun, due to the powder pressure Po ? ^ 

In dealing with this, the whole gun is considered as one homogeneous cylinder of internal 
radius Jq and external radius ?g, as though the surfaces of separation between any two hoops 
did not exist. This holds good, no matter how many hoops the gun may have. 

Initial and Firing Stresses. 

In these there is not a continuity of circumferential stress at the surfaces of separation 
between any two hoops, and the hoop tension can (and often does) change suddenly. It is 
therefore necessary to use different symbols for each surface between two hoops, as follows, 
for initial stresses - 

(k), (h)) {k), {k), (k) for the inner surface of each hoop, 

(^'2), (^3), {i'i) for the outer surface of each hoop. 

So, in the firing stresses : — 

^oj hi k, k for the inner surface of each hoop, 
t'h kj,, fg for the outer surface of each hoop. 


Fig. 3. 



k and t'l apply to tube A, 
h and t'z apply to tube B, 
k and fs apply to tube 0, 

^3 is outside C, and therefore does not enter with a gun of three tubes only. 
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Eadially the* pressure is the same at the surface of separation, so that there is no need of 
suffixed symbols for the radial stress. 

Fb'ing Stresses p, i. 

Suppose the values /Vi, /‘i, r-v, i% &c., at any section of the bore or c-liamber of a guii are 
known, we have two limits assigned, viz. ; — • 

Carbon steel / material for inner tube is 15 tons/in.^ {maximum permissible), 

I Tension of material for outer tubes is 18 tons/in,- (maximum permissible), 

Nickel Steel material for inner tube is 20 tons/in.® (maximum permissible), 

1 Tension of material for outer tubes is 24 tons/in.^ (maximum j)ermissible), 

then to find the fifing stresses at aiij’ part of the section in the various hoops, we start with 
the outer hoop of the gun, and working inwards are enabled to find the maximum pressure in 
the boi’e ; this maximum pressure is our maximum powder pressure, and knowing this the 
various powder stresses are found. - 

Deducting the powder stresses from the firing stresses gives the initial stresses, and then 
the amount of shrinkage is calculated which will produce the required initial stresses. 

The maximuru allowable pressure 2^0 inside the gun is theoretical. As a matter of 
precaution no gun is allowed to be subjected to the full amount calculated, the charges being 
so arranged that the pressure shall not exceed a normal chamber pressure vaiying from to |- 
of this poj so that under ordinary conditions the elastic limit of no part of the material may be 
reached, or permanent extension take place. Thus if it is found that po — iJO tons/in.^, the 
working pressure would vary from 20 x f to 20 x |, i.e., from 13 ‘3 to 10 tons/in.-, as the case 
may be. 

This working pressure, or normal chamlier pressure, is that pressure which should not be 
exceeded by the ordinary service charge, .and in the case of cordite the temperature of the 
charge is fixed at 80° F. It might be called the specification pressure. 

The actual pressure which a charge does j)coduce, as ascertained by means of the crusher 
gauge and coppers, is frequently below the working pressure, and is dependent on such things 
as wear of the gun, temperature of charge, Szc. : - 


Gumnakers Formula. 

Con.sider any tulie, the (•« + l)th, of a built-up gun ; b? uud^rt+i are probably known, then 
from the fundamental formulas (8) and (9), 

. Tn- 

a \ 

Fn+l .2 . 


whence 


therefore 


pn ' 

bi+pJi+l = 


Pn — p-n- t-l _ ^'“n+l ~~ 

tn + 1 + 1 + T,? ’ 


-(r2«+i-r„2), 




Fn- 


*b ’ 


^ {tn + -f l) + p7i + 1 ' 


(9263) 
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This lormiila is of great importance, and will be found very useful ; it is generally called 
tlic gunmaker’s formula. 

■ A complete example is worked out in Part I, p. 163 ; in this example is taken as lo 
and = ii = 18 tons/in.^: also 


ro- 4, 
ri ^ 5-6, 
8-7, 
- 11 * 8 , 


ro^ == 16, 

Ti^ = 31-36, 
« 75-69, 
rs^ - 139-24. 


The firing .stresses are found by working from the outside tube first ^nd making use of 
the gunmaker's formula ; thus 

B = 0 , 


Po = + = 24-74. 

o'y -r rt}“ 

The hoop tensions are found at once from formula 

in~Pn ~ in—\~'Pn~\ 

Since in any one hoop (the 


Pii - -~T, - Therefore t'-n-pn ~ 2^. 
'>V 


1 , 1-1 = '-A-' + 6 1 Pn~\ = Therefore in-\ -pn-i =« 2&. 

f4„_l 


Therefore 

Applying this, 


Jacket «f 
llreeeli-pieoe 


t'n -pn = tn-l -pa-V 

t’z =- (/o - jjg) +;>3 « 18 - 5 * 32 + 0 = 12-68, 

I h = 18, 

f 2 3= (^1 _ +P2 =18-15 + 5-32 = 8 • 32, 


jfg = \h~fi 
1 Vi = 18, 

Tube(^' "" 

U. = 15. 


h - ih-lh). +ru - 15-24-74+16 = 5-26, 

“ 15- 


( 15 ). 


Poivder Stress : P, T. 

The maximum allowable pressure has been found to be 24 ‘74 tons/in. this therefore is 
the maxim-am powder pressure in the. interior of the bore. 

Therefore 

Po = 24-74. 
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To obtain the^ powder stresses at other parts of the gun, we treat the whole gun as one 
homogeneous mass of internal radius /’o and external radius rs. 


P, 24-74 


Ps = 0 




at any point 


P - “ -k 




and fl, h are the same constants throughout tube, breech-piece, and jacket. 
Solving the equations, we have 


Therefore 


Po. 

~ 1 0“ 


Therefore 


T = + A = 

/’3“ - JY \ >■- / r- /Y - /'o~ 


Po = 24 - 74 , 

16 139 - 24 - 31 - 36 , 


Pi = 
P2 = 

P3 = 

To 


3 F 36 * 139 - 24 - 16 


: 24-74 = 11 - 1 , 


16 


139 - 24 - 75 - 69 , 


TFM * 

0 . 

16 139-24 + 16 


' 24-74 = 2 - 7 , 


16 ' 139 - 24-16 
Ti - (To-Po) +Pi = 17 - 56 , 
To = (T„-Po) +P2 - 9 - 16 , 
Ts - (To-PoFi-Pg = 6 - 46 . 


24-74 = 31 - 2 , 


InUuil Stress: {p), (i). 

These are got by subtracting powder from liring stresses. 

(po)=-i>o~Po- 24 - 74 - 24-74 = 
(b)=F~Pi = 15 " 11-1 = 

( jj.,) = ^ 9 o ~ Po = 5 - 32 - 2-7 = 

( Ps) ps ~ Pa - 0 - 0 

^ 1 (t'l) = t\ - Ti = 5 • 26 - 17 • 56 = - 

-p , . r{ti) =^i-Ti = 18 - 17-56 = 

^ 1 (^ 2 ) = t'a-To := 8 - 32 - 9-16 = - 

»X(A 2 ) =^. 2 -T. 2=18 - 9*16 = 


Jacket 


1 (^ 3 ) = ^'a-Ts = 12 - 68 - 6-46 = 


0 , 

3 - 9 , 

2 - 62 , 

0 , 

16 - 2 , 

12 - 30 , 

0 - 44 , 

0 - 84 . 

8 - 84 , 

6-22. 
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Figs. 8 and 9, facing p. l65’'o{'Part I; lOO'?, show tlie various stresses for this 6-inch gun 
to one pJaco of decimals. A similar procedure will apply for a gun built up of four or more 
parts. 

With a 6-iach gun built up with carbon steel and of the dimensions just given, suppose a 
working chamber pressure of 16 tons/iu," is produced, and it is required to know the firing 
stresses. 

The initial stresses already found hold good, the powder stresses are 


Po = 16, - 

n = V 7-178, 

Ps - 0, 


To = 31-3 = 20-18, 

T, » 17'562^7.j- ll-M, 





4 ' 1 7 8. 


Combining these powder stresses Avith. the initial stresses already found, gives the required 
firing stre.sses Avhen the chamber pressure is tbal produced by the service change. 

16, - , 
fj = 11-078, 
jjg = 4 * 366, 
p8 = 0, 
fo = ' 3-98, 

/V- - 0-94, 

/] = n • SO, 

If'.. = 5-084. 

/.I = 14-764, 

/'a = 10-398. 


(.'ai^e of a Cracked Tube. 

If the A tube is cracked through longitudinally on both sides, its tensile strength is nil 
and the gun will not stand the same strain as before. 

Thus in the G-iiich gun worked out, from the firing radial pressTires, 

Pi ,= 15 j po = 24-74; 

but with the A tube cracked po will not be so large: the two outer tubes being undamaged 
we get as before ' 


P\ -■= lu. 
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Although tSe tensile strength of the xV tube is nil, yet it serves to diminish the surface 
over which the powder pressure acts, and therefore 

Po = Ihj (16). 

‘'o • 

This may be seen also from considering the equilibrium of the A tube ; the forces acting- 
on this tiilre are radial pressures, 

pi = 15 tons/in. “ over a surface ^rrri, acting inrvards, 

/>o over a surface Sirro, acting outwards, 

therefore 

(2Trri)pi = (2trro)i)oj 



15 .^--^^ = 21 - 0 . 

8o that our maximum allowable pressure has been reduced from 24-74 to 21-0 toris/iu.-, 
due to the A tulre being cracked. 

Liners. 

In the case of liners, no strength is accredited ; for, being put in without shrinkage, they 
are taken as so much packing, and their effect as regards calculation of strength might be 
ignored but for the fact that they distribute the strain to a larger area. Of course, here, as in 
the case of shrinkage friction, with reference to longitudinal strength, any circumferential 
strength derived from the liner will be in addition to that calculated for. 

Supposing the gun to have been designed for, and constructed originally with, a liner, 
then if represents the internal pressure on the liner, and that transmitted to the interior 
of the A tube, and ?'o and ri the respective radii, the formula is simply 

Po=^p~ (17), 

Tq 

the liner acting as if cracked or segmental. 

The Lomjitudiml Tensmi in ike Crwi. 

Practically it is usual to take the longitudinal tension as uniform across a cross-section 
and as due to the powder pressure in the bore, treated as a closed vessel, cbjsed at one end In- 
die breech-screw, and at the other by the shot. 

Thus supposing a breech-screw to gear into an A tube of which the internal radius is ru 
and the external radius of the gun is u, taking Pq as the powder pressure, the average value li 
of the longitudinal tension will be found as follows: — ■The pressure multiplied ])y the sectional 
area of the chamber is resisted by a cross-section of the metal subjected to longitudinal tension 
(according to the design of the gun); for equilibrium, these must be equal, therefore in this 
case 

Po7rro“ = Rw (}-o3 - v'o^) 

R = Po— ^ tons/in .2 (18). 

V-?o- ' ■ ■ 

In all-steel guns of ^i^odern construction the breecli-screw gears into the layer of metal 
above the A tube: in smaller guns direct; in heavier pieces of the most recent construction 
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}>y means of a steel bush; the inner tube is thus relieved of longitudinal stress at the breech. 
For a gun consisting of a tube and jacket only, the formula would then become 

■. E = p„-nt^,. 

T’t-'rr' 

Considering the longitudinal strength of the 6-inch B.L. gun, 

■ Po ^ r?!rpCE, -, 

. . .'>0^ . 

with the given numerical vrJues and putting E ™ Ei = IS gives Po ~ 121, ajid dividing this 
1)y a normal pressure of 17 tons, we get a longitudinal factor of safety = 7*1. 

In a heavy modern wire-hiiilt gun the longitudinal stress is taken up by the breech-picce 
and the ja,ckct, but the jacket may not be taking its full share of the work, owing to the 
necessary connections between the two; hence a large factor of safety is obtained by considering 
the breech-piece only ; let r and r denote its internal and external radii, then 

R = Po-#' 

T‘‘~r- 

Pracfcically the . longitudinal strength is considered separately from the circumferential, 
and is specially provided for by shoulder, of which the resisfxime to shearing constitutes the 
longituclinal strength as calculated. No account is taken of frictional grip due to shrinkage, 
for it is considered as extremely probable that at the critical moment this becomes loosened 
by the elasticity of the different layers asserting itself more rapidly towards the interior a.s 
soon as the highest pressure has passed, while there is still a considerable longitudinal stress. 

, It is considered inadvisable to rely upon shrinkage in any way for longitudinal strength, 
and, consequently, any strength in this direction derived from the frictional grip will be in 
addition to the calculated strength. 

The strain sustained by a shoulder is taken as a purely shearing one, and the strength of 
a shoulder is consequently dependent on its length; shearing strength, like resistance to 
tension, being directly proportional to the extent of surface where separation would take place. 
The strength is also here taken to be the same (in tons per square inch), which, if not strictly 
true, is rather in favour of the shearing strength. 

The calculation, therefore, of length of shoulder for a given hoop is simple. For if AB is 

the supporting hoop of internal and external radii ti, r-i and length of shoulder ah{~ I say), it 

Fig. 4. . • 

A 8 


is only^ necessary to make the cylindrical area of ah ~ the annular sectional area of the 
hoop, or 

‘7r(r2^"/l2) = 27r'ril, ■ 






whence 
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The actual longitudinal strength of this arrangement would appear to he 

tr(r./-7-aT, 

or 

2~ri/T, 

T being the resistance to rupture by tension or shearing in tons per square inch of material 
where separation would take place. 

Wire Gun OonMruction. 

In a Iiuilt-ul) gun, as seen from fig. 8, p. 165, of Part I, the curves of circumferential 
firing tensions show that the resistance offered by any tube when the gun is fired is unevenly 
distributed in the metal, the inner taking an undue share of resistance. 

Great economy of material would be effected if we could make all the circumferential 
fibres take up a full uniform tension on firing; but to secure this condition only approximately, 
the number of layers of metal would have to be largely increased, and the cost, complication, 
and time of manufacture of a gun would be enormous. 

But by adopting iSIr. J. A. Loiigridge’s plan of strengthening the tube by steel wire, 
wound round with appropriately varying tension, we are able to make the curve of circum- 
ferential firing tension a straight line for a given powder pressure, and now all parts of the 
wire coil are equally strained under the interior pre.ssure, and take an equal share in the 
resistance. 

For full theoretical investigation of this subject, see Mr. Longridge’s “Treatise on. the 
Application of Wire to the Construction of Ordnance” (1884), and a paper of 1887, “Further 
Investigations regarding Wire Gun Construction,” also a Work by Lieutenant G. Moeh, “ Les 
Canons k Fils d’Acier.” 

By winding on many layers of steel wire on an A tube, we can get every layer of the 
wire coil to do its full share of resistance when the gun is fired, and so greatly strengthen the 
gun, provided each layer of wire is wound on with a properly adjusted tension. 

A steel hoop shrunk over an A tube must not be subjected to a firing tension of over IS 
to 24 tons/in.2, whereas steel wire can safely be subjected to a tension of 50 tons/iti.“, therefore 
we have not only a much strengthened gun by using steel wire, but there is a considerable 
saving in the weight of metal to be used. 

In a gun which has steel hoops shrunk on, the curve of radial pressure for each hoop is 
given by 



and the circumferential tension by 



where a and h are constants to be determined for each hoop or tube. 

These equations do not hold good for the firing stresses in a wire coil which has been, 
wound round on an A tube; because the winding tension of each layer of wire has been 
adjusted so that the firing tension may be the same throughout the coil 

The jacket is required for the protection of the wire from damage and to provide the 
necessary longitudinal strength ; it is fitted over the wire without any ai^preciable shrinkage. 

When the gun is at rest the jacket will be free from stress, but when the gun is fired we 
may suppose the stress in®i| to be the powder stress only, on the assumption that the gun 
behaves as ii*hornogeneous. 
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111 fig. 5 let v’l and r-i be the intennil and external radii of the wire coil, and let a powder 
pressure be applied so that the radial firing pressures at ri, rj be pi, ]h respectively, and the 
tension throughout = f, so that 

b = b'-J. 

To find the radial pressure p at any point r in the wire coil 

Consider the ecpiilibrium of the portion of the .wire between and r: we have 

Pin =pr-i-t{r-ri). . . . ...... . ( 19 ). 

If the portion of wire coil between f and To be eonsidered, we have 

pT ~ pofo + t (I'o ~ 

and for the whole coil from Ti to r.j, 

Pin = p^n^t(n~n). 

From these last two equations we have, by subtraction, 

Ihn-pr ^ t(r-Ti\ 

or ■ i. 

which is ec{uation (19) over again. 

By writing z for r and y for p, 

■p-pn = zy + tix-ri), 
or 

= {pi + 1) Ti ~ const. == A, 

and moving the axis of « parallel to itself to a distance b this reduces to 



xy = const., a rectangular hyperbola. 
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From eqnatitin (19), (•p + f) r = piri + ivi — a constant, say A, therefore 

? + ( 20 ). 

This gives a convenient equation to find the radial pressure at any point in the wire coil ; 
the curve of these radial pressures is a rectangular hyperbola. 

In the A tube and jacket only, the equations 


P 








hold good to find the stress at any point. 

In wire guns, the limits which are usualh!- accepted are as follows : — 


Maximum firing tensions to which the metal may be subjected, unless instructions to the 
contrary are given. 


■ 

Inner A tube. 

Wire Coil. 

I Carbon steel 

15 tons/in.‘“^ 


i Nickel „ 

20 

— 

1 Wire . . . . . . ... 

— 

40 tons/in.- 


Maximum compression of any tube not to exceed 26 toiis/in.^. 

The radius of bore to be measured from the axis of piece to the surface of the land. 

In calculating the strength of wire guns, no allowance is to be made for any shrinkage 
that may be given to the jacket. 

In wire guns, at present, the wire is wound on to the A tube after the inner A tube has 
been fitted into it, and so at first the A tube is not fully compressed, which gives an advantage 
in the first life of the gun, but on boring out for lining then the full compression takes place, 
and the advantage referred to is lost. 

Similarly in the 6-inch Q.F., Mark 11, where the 1-B tube is shrunk on to the A tube 
under the wire, the metal under the udre coil should be treated as homogeneous, because 
in boring out for lining the A tube will be compressed, and the advantage of the shrinkage 
lost. 

The slight shrinkage between the inner A and A tul es being neglected, it follows that 
the limits of tension (18 and 24 ton.s/in.“) do not enter into the calculations for various stresses 
in the built-up gun. Also, the limit of 40 tons/in.” for the firing tension of the wure must be 
considered as a guide only, the 40 tons/in.^ may be exceeded in some cases up to about 
50 tons/in.“ 

The gunraaker fixes the diameter of the chamber, the thickness of the metal in the various 
layers and the length of travel of the shot, &c . ; in this experience is the best guide. These 
points being settled on he can now find, from the limits assigned, what po? the maximum 
allowable powder-pressure in the bore, and also the corresponding circumferential tension in 
the wire coil in firing. Should the latter be excessive, or |>o too small, then he can manipulate 
the radii until the desired result is attained. 

The various radii haviio- been fixed, the following examples show all the calculations of 
the stresses. ® 

(9263) p 
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'riie (liinenslons across tbe 13'' B.L., XI,, across middle of chamber are 
, ' V To— 8 ■ 425 inches, 

n = n-74 
15*31 

/•s- 30*11 „ 

•/•4 = 23*9 

so that 

fi "fo = 3*315, the thickness of inner A tube, 

fg-fi = 3*57 „ „ A tube, 

fg - '/’o = 4*80 „ „ wire coil. * 

3*79 „ „ jacket. 

The limits are 

^0 = 20, 

{to) = -26, 

hence, since firing tension = j)owder tension + initial tension, 

A) = To + (#())■ - 

Therefore 

To = 20 - ( - 26) = 46, 

Treating the whole gun (inner A, A tube, wire coil and jacket) as one homogeneous mass 
for the powder stress, 

= 0 = - b, 

ri- ■ 

To = 46 = 

nr 

and at any distance r, the radial pressure 

p = 4, -A. 

. r- 

From the first two equations 


so that 


from which 


Again 


,, _ rp . 


■rl" + ro'- 


• To, 


. ^ ''"4“ - 

J.2 * + 


. To, 


Po = , 46 = 35*84, 


Pi 


, 7V 7*4-' - 7V 


46 = 15*99, 


’ r4‘- + 7'o‘^ 

P2 == 7*32, 

Ps = 2*l, 

P4 = 0. 

r , - P, - 2i = T, - P, = Tj - P, = T, - P, = T„ - P„. 
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Therefor© 

T4 - (To-Po) + P 4 - 10-16 4-0-- TO-1'6,. • ■ ' ; : ' 

Ta = lO-ie + Pg = 12-26, 

Tg = lO-ie + P. - 17-48, ■ , 

Ti = 26-15, 

To = 46. 

This completes the powder stresses. 

Firing stress, p, t. 

In the A tube (which includes the inner A tube, both being regarded as homogeneous). 

po == . 0 +p. 2 ) +P 2 (gmiinaker’s formula), 

^2“ + 

from which, since po ^ 35-84 = Po and to = 20, po = 16-4, so 

Po = +ib) +pi> and pi = 22 • 3, 

ri2 + ro“' 

also 

1 1 — ti ~ {f^ —po) 4" pi = ~ 15 - 8 + 22 - 3 = 6-5, 

A3 = (h,-po)-fp2 = -15-8 + 16-4 = 0-6. 

In the wire coil each layer of wire is wound on, so that on firing the tension is the same 
this gives that f -2 — t'^ = i throughout. 

Then, from considering the equilibrium of the whole coil, 

pgj-g = pg/'g + / (/g - j'g), 


Therefore 


t = MIZMP == 43-47. 

rg-ro 


A = ^3 = / = 43-47. 

In the jacket there is no initial stress, hence 

^3 = Tg - 12-26; Pa = Pg = 2-1, 
r4 = T'4-10-2; p4=.P4 = 0. 
This completes the firing stresses. 


InUiul sir esses {pi), (t). 


f (po) = po " Po 

= 0 

•• (lo) = /«-To = 

- 26. 

Inner A tube . . , . < 




L(pi) ^Pi-Pi 

-.6-31 

: (<',) = 'v 'n = 

- 19-65. 

r(pi) = 6-31 


; (h) - /,-T, = 

- 19-65. 

A tube < 




U^’0=^'3-P2 

= 9-08 

- '--‘i - To = 

-lG-88. 

r(p 2 ) = 9-08 


: {k) - 26. 


Wire coil < 




L(P3) = 0 


; (fg) - 31-21. 


» f(7^3) = 0 


: {k) = 0. 


Jacket . . . . f. .<( 




l(P4) = 0 


; (A) = 0. 



P 
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The po%rdei’ and initial stresses above tabulated for the 12 inches acros^the chamber are- 
shown on fig. 6. the firing stresses are on fig. 7. 

In the 12-inch B.L. Mark XI, at a distance of 35 inches from the seat of the -shot, the 
dimensions are 



■i’o = 6 inches 

7-1 = 9-29 „ 

r .2 = 11-83 „ 

»-3 = 14-95 „ 

•/•4 = 17-95 „ 


The various stresses areas 

follow 


With limits fo = 20, (Jo) = 

= -26, 

• 

Po = 36-76 

Po = 36 ‘76 

( 770 ) = 0 

Pi = 12-64 

Pi = 20-2 

(j 7 ,) = 7-56 

Pa - 6-02 

;7.2= 15-66 

(p.J) = 9-64 

o 

!i 

p^i = 2-04 

( 773 ) = 0 

P 4 = 0 

774 = 0 

( 774 ) = 0 

To - 46 

/o = 20 

{to) = -26 

Ti = 2M) 

i!'i = 3-44 

(fi) = - 18-46 


ii = 3-44 

(h) = -18-46 

T 2 =15-26 

f'o = - 1 • 10 

(^ 2 )= -16-36 

% = 11-28 

/o = /'g = 49-68 

(h) = 34-42 


ts = 11-28 

{^ 3 ) = 38-40 

Th = 9-24 

fi = 9-24 

ik) - 0 
(tU) - 0 

At 105 -6 inches from the seat of the shot in the 12 -inch B.L. XI, 

ro = 6 inches 

A = 8-81 „ 

7-2 =11-23 „ 

7-3 = 14-35 „ 

74 « 16-55 „ 

and with limits to = 20, (/u) = 

= -26, 


Po = 35-2 

jf7o = 35-2 

(po) - 0 

Pi = 13-4 

pi = 20-4 

fpi) = 7-0 

P 2 = 6-2 

772 = 15-4 

( 7 ^ 2 ) = 9-2 

Pa = 1-63 

773 = 1-63 

{po) = 0 

Pi = 0 

774 = 0 

(Pi) = 0 

To = 46 

to =20 

{to) = -26 

Ti = 24-2 

t'l = /i = 5-2 

(t'l) = h = - 1: 

1! 

6 

fs = 0-2 

{f,) = -16-8 

% =12-53 

72=^3 ==47-7 

(4) = 30-7 


fs = 12-53 

(fa) -35-17 

Ti =10-8 

= 10-8 

Ah) - 0 


* (^4 = 0 
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• Winding Temim. 

As shown in Part I, p. 177, the requisite winding on tension at a point r is given bj 

where (t), (p) are the initial stresses at the point on the wire distant r from the centre of 
bore, and ro, ?!, ro, r?, are the internal radii of the inner A tube, A tube, wire coil, and jacket 
respectively. 

The expression for 0 becomes 

r r-ro r + ro 

where 

A -(i+p3)»3, 

B =: (i +P3) -tPo) A) 

C = (i + jJs) J’s 4* (i + Jio) ?’o, 

This last formula for 6 is convenient, because A, B, and C are the same for each layer 
of wire. 

The winding tension of the last layer of wire must be the same as the tension in repo.se, 
so that at Th, 

B, = (h), 

and in the case of the 12-inch XI, across the middle of the powder chamber, 
e, = = 31-21. 

The winding on tension of the inner or first layer can be obtained directly from 

“ (0+ !-rp7hF2) . 43-7 - C,) + ((',). 

? 2“ ~ 0 

This value could be obtained equally well from 

d.2 = 4 + 

■i'2 '?’2 - J’O -i- 70 

For practical purposes the B.yBz curve is replaced by the straight line 6-26$, or else by a 
aeries of steps in which several layers are wound on at the same tension, followed by another 
series of layers at a tension reduced by the same amount from the previous series, and so on. 

Shrinkage. 

Shrinkage is the excess of the external diameter of the inner tube over the internal 
diameter of the outer tube, before they are put together and both are cold. 


/• y^<- 

/ /// 


I 



\ '('yw) 
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Hence, from the figure ; — if S = shrinkage, 

s 

+ %-l) ~ 

where and Wn-i are the radial displacements, from the unstrained position, of the outer and 
inner circumferential fibres of a tube and the superimposed hoop respectively, due to shrinkage. 

Denoting the initial stresses at r,)_i in the completed gun by (b?-]), {f'n-i), and 
then from equation {a) of (5), 

H = E,., = ((„_,) + ,r [(^„_,) - K], 

‘v-l 

- E y-r' _ - Ee', - (f + o- - E]. 


The negative sign is given against u'n-i in the second equation because it denote.s 
a compression, whereas Un^i denotes an extension. 

Hence by .subtraction 


» ?!VrJ [((,._,) 


This equation deiiote.s the shrinkage between the 
tons/in,2, E = 12,500; other dimensions are in inches. 
The last equation may be written 


E 


n~l^n/’2rn~i 


and the hoop; (bi-i) ih 



so that the shrinkage is the elongation in a bar of the metal of unit section, and equal in length 
to the diameter 2rn~i under a tension equal to the difference of, the initial circumferential 
tensions at the common surface of the two hoops. 
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The values (t’n-i) the initial stresses, and as me powder pressure P«_i at fa-i 

increases them by equal amounts T,i_i to tn-i, t'n-i the firing stresses, their difference is 
unaltered, so that 

(^n-l) — = in.~l — 

Hence, so long as the shrinkage between hoops is considered, it can be calculated either from 
the firing or from the initial stresses ; and it is independent of the shrinkage imparted at other 
surfaces of contact of the coils, provided it is calculated as the shidnkage of the parts before 
assemblage. 

If, however, the shrinkage is estimated for the difference between the internal diameter of 
a coil and the external diameter of the finished portion of the gun, then the initial stresses 
already set up in the gun must be taken into account and deducted {see 1902 Edition, p. 258), 
With several layers of metal the addition of each part that is shrunk on modifies the 
initial stresses previously existing. ' 

This is illustrated in diagrams in the American “Notes on the Construction of Ordnance,’^ 
Nos. 31, 33, 35, by Lieutenant Rogers Birnie, showing the shrinkage (enlarged 50 times) of the 
different finished parts, and the intermediate states during assemblage, and the final state, 
when a jacket and two hoops are shrunk over the A tube of an 8 -inch gun, shown in 
longitudinal section in the annexed fig. 10 . 


Fig. 10. 



In a state of repose the tension of the outer fibres of the outside hoop is 8 * 1 tons/in.^, 
and the circumferential pressure in the interior of the bore is 19 ‘9 tons/in.'-^ • so that, with 
Tq = 5, fa =16, 

oSi - 19-9 X 10-12,500 - 0-016, 

or the contraction of the calibre is 16 thousandths of an inch, in consequence of the shrinkage 
•vfhile 

4 S 5 - 8-1x32-^12,600 = 0 - 021 , 

or the elongation of the external diameter due to the shrinkage is 21 thousandths of an inch. 


m 


The coefficient of expnnsion of steel per T F. is about 1-r 150,000; so that if An- i 
denotes the shrinkage during manufacture, the temperature must be raised 

150,000 

2r,i 

degrees Fahrenheit for the (?» + l)th coil to be expanded sufficient!}’’ so as to slip over the nth 
coil ; and this rise of temperature can also be represented geometrically in a similar manner. 


Fig. 11. 



It is found (Treatise on Service Ordnance, 1908, p. 28) that a satisfactory practical plan 
to follow is, “ shrinkage is given by making the internal diameter of a steel tube smaller 

than the external diameter of the tube it goes over.” 

Graphical Constmction of Gun Stresses. 

The stresses in a gun can be graphically investigated by a rapid and simple method. 

The following constructions are necessary : — 

(a) Knowing that T and P arc given by the equations T = + ft, P = - b, and given 

at ro either T - To or P = Po, while at ri, Pi = 0, to find the centre of the curves, see fig. 11. 

Describe the semicircle on Ori cutting the ro circle in Q, then join r^Q, this is a tangent 
from Ti to the r,) circle, since the angle OQfi is a right angle ; droj^ihe ordinate QN and join 
KT' or P'N cutting OT in C ; this is the centre of the curves. ' ® 
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Proof.— WWx axes OE, OT the point T' is ( - vu To), P' is (fi, po), also the co-ordinates of 
N are , 0 | . 

Since 

To = ~ + 6, 

■'V 

and 

_ f, == 0. 

n'“ 


To - b - 

The eqiuitirMi to line NT' is 


To . 


■o- + rr 


-To ' 


r-poi 


ror + fr 


This cuts OT where / 
Therefore OC = To - 


^ 0 . 


, and this is equal to b. 


'>’o~ + /'r 

Therefore C is the centre of the curves. 

If Po is given instead of To, a similar proof holds good (see fig. 11). If Po and To only 
be known, then, by Irisecting the length ToPo, the centre is found. 

(b) Given the axes of T ~ ~ + b and one point (ro, To) on the curve, to draw the curve 
(see fig. 12). 



. R' 


Make OC = b, i-eferred to CT and a line OR' at right angles to CT as axes, the equation 

for T becomes T = . 

f-^ 

The construction to find the value Ti at a point is as follows 

Join CQ, Q being th® point (ri, Tq), cutting roTo in Draw n'H parallel to OR, join 
VJ' cutting !*oTo in N. dva’i^NTi. Then Tj is a point on the curve, also if Gso ~ ^Vo and 
(926g) ^ Q 
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Oti =- /‘i, thyii ;iriTo and .i'lT] are tangents to the curve. Proof eqfcation . to GQ is 

'/• T 

^ . this cuts roTir in '5i', therefore 

ri io . 


The equation to 0/'^ i 


Mr = ^ To. 

n 


^■o n To 


This cuts foTfi tv'here 


Nv/( = TiM = 'P To ~ since TV'o- — a 
ip rr 


T’hat; is, T'l lies (,)U tlie curve T - 


iVgaiu, tlie equation to tlio tangent at (Vi, 'JV) is 

'2u J. ■: ■ rii U 

— - sliice tj == . .. 

yy' 

Tliis cuts Civ' uiiere T = 0, tlieretVire 

(/ 2u ■- o/’i / 

rr ip ' ■ 2 i 

(cj Given tuo points on a rectangular Iiyperbola and one asvuihMote to find the other 
asymptote, see fig. 13. \ - 

In the firing ,stres8e.s of a wire coil, see (20), 


(p + f) r 


\ 

i constant, a rectangular hyperljola ; \ 


if tlie axe.s he changed to >SX, BG/ovb where th =■ /, the nnii'urin firing tension in lilie wire coil 
the equation heeouies . '■*' ... 

pe - a constant, 


so that BX, SO are the as 3 Muptot 6 ,s, the wire coil lying within vqra. 

Let P.j (/•.j, p.j) .and P;; (/o, pc.) he the two given points ajid OP the given as 3 un])toto. ; 
Conij)lete the rectangle p-ip-yp-ipP \ 

ITj'uw the diagonal jiL/G to cut PO produced in S and draw SX paiaillel to OB. is 

the required asvuupfcote. The proof is obvious on coniqjlcting the rectangles Syj -2 for 

then these rectangles arc seen to he equaJ, ; and SX and SP must he the asymptote, s of tlie 
rectaiigular hyperbola pr — constant. 

If both a.synq)U)tes BX and SP a.rc known, hut only one point on the rectangnlar 
lrvper))ola, say (yy, r-f is known, then another point is at once found, see, fig. 13. 

Thus, to find yj:; at /o, complete the rectangle rojfrf; join Bp's and produce it to meet ’ 
in iP ; then, drawing jPp.^ parallel to BX or OB to cut vopa' in p^ gives ju.j the required 
vahm of the radial pres, sure at •/o. 

'[Tie proof is olivious, since the rectangle Bpo is seen to be equal to the rectangle By;;?, 
ih’ menis of tlie three constructions first proved, all the powtkr and firing stresi^ys in a 
ndre gim, (U' in a gnu Imih up with tuhe.s .shrunk on, can be graphiljally drawn, ® 
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Tile exam|ie taken is for clie stresses across the eeiitre of the chamber <if the i2-?;ich 
B.L. XI gun, in which the data are {see fig. 14) : — 

/■(, ~ 8* 425 inches, 
ri - 11-74 
r, = 15-31 

/V, = 20-11 

r, - 23- 9 

Also t,, = 20, (fix) ~ - 26, so that 

'lb. 46, 

then liy following the procedure employed in the stress calculations alroarly made, the powdei' 
stress curves for 'T and P are found grapliically ; knowing To = 46 aaid P.j. = 0, tlie centre of 
the curves i.s first found, and then other points on the curves are obtained as liefore. 

Next, in the firing stresses, po ( “ P.;.) is uow found, /o = 20 is Iviiown, thence tlie centre 
of the / curves is olitained at once, and the firing stress curves in the inner A and A tnl:»e are 
graphically found. 

In the firing stresses for the wire coil 2 h is found, jjg = Py is .already found, and so tw'o 
points (jOo, ro) (pa, rz) are known, the asymptote giving the value of f == h' is graphically 
found, and any other points on the^ops curve can be found (as in fig. 13). 

In the jacket the firing stresses are the same as the powder stresses. 

The initial stresses are got by subtracting the powder stresses from the firing stresses. 

Pig. 14 show^s the complete stresses; the agreement of the various stresses is seen to he 
very close indeed to the calculated stresses (.see p. 115). 

Suppose, ho'wever, that in a wire gun the working maximum chaml.ier pressure is fixed, 
say 18 tons/in.'^, and thence that P, is fixed at 36, also that the uniform maximum firing stress 
tension in the wire is also fixed, say U - k' ~ 45 ; then by the eonstruction.s already given, 
the complete stresses can be found ; the data iu this ease are 

Po = 36, 

= /y 45. 

The value of /o and of (/o) can ):)e deduced by this rapid graphical method ; the procedure 
is as before wdien To and (b,) were given. 

Captain Noble, I.O.M., A.O.D., wdio worked out the graphical method for obtaining 
fig. 14, also suggests the following for finding the radii of the A tube, wire coil, and jacket for 
given stresses in the metal (see figure). 

Suppose the following data are giveii : — 

P„ == 30, To - 46, Vo = 6", A. = 20. 

'rhe centre of the powder PiT curves is known at once, it is 5 ton.s/in." above the centre 
line of boro. Knowing v,), Po, T,), the P and 'T curves can be drawn, ^vhere tlio I’ mnu t* cuts 
the line OE, gives 14 . - 

On the right side of the figure the firing stre.ss curves p ami / can now be <lriuv!i, since 
A and pii are knowm. 

'To find the \rire hiyer, the firing tension of the outer ring of fi]»-es of iho A tui.e mnst be 
known ; it is in most cases a small quantity. Assume it to he, say zero, S(^ that // -- 0, .-ind 
also that the fixed firing -^fire tension A == h' = 45, then where the f curve just drowTi .-uts the 
centre line TjE gives 'ip ^ 

(9263) Q 
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To find /'s, tbe curve of firing pressure p in the jacket is the same as tliffo for the powder 
Urf^ssurc. tlierefure draw backwards from a copt’' of the P.iPo curve, where this is cut by the 
s'ectangiilar hyperbola {p + t)r = constant of the wire coil radial pressure will give and '/p 

And uiuv, to draw this rectangular hyperbola. The two asymptotes are known, since 
A = if,/ 45 , also it cuts OP, where p = 0, and the point (Uj, t^) on it is also kjjown, hence 

us many points as are required can be drawn, where the byperbola cuts the curve pppj^ gives 
a,.;, iiufl drcviug the ordinate gives rg. 

ft is a matter of choice as to the value of ii ; values can be selected for it. In this 
graphical niethnd rlie values of ro, 14 are obtained and the complete stress diagram is drawn 
at the s.arne linio. 

In the exaniplc' worked out on fig. 15, ri is taken as equal to S inches. 






trtfcmgsl' ShetTfov^el 



A groove in a rilied gun advances a certain number of calibres for each complete lurn It 
makes : this is called its ‘dwist.” Thus, if the twist is one tiuai in n calij>res, the ‘-pitch” of 
the helix, if uniform, is n calibres or nd inches, when the calibre is d inches. The angle which 
the groove at particular point makes with the direction of axis of the gitn is called the 
angle of rifling at that point. 

Ihn forin Timf. 

In fig. 16, B is the top groove at the commencement of rifling at tiie breccli end, Af is at 
the muzzle; a the angle of riflings MBPi. On reaching A the groove ha.= completed a 
complete turn. Then 

* AC - -ri, 



In modern guns an average value of n is near 30, but the length of travel UM is greater 
than 35, so that the point A comes between B and M, as shown ii: fig. 16. In the R.M.L. and 



E: 


I 

early B.L. gnus the rmao-.se was tin.* case— a complete turn took place beyond the muzzle of 
the gun. 

tSupiJose 

n — .30, tan oi. = % = 5 ’ 59', 

also 

FiM =- BMtana = /A, 
n 

wlu'rc / is the Icugcli of the I'iliiiig, generally called the total length of tra\’el. 

Increasing Timi. 

Suppose the twist start from zero at B to 1 in n calibres at the muzzle, the angle of rifling' 
inercasiug uniformly all the way to the muzzle at M, tvhere the tangent to the rifling curvt* 

malo.is an aa_<^e tan "’ ii^vith the line BM (see fig. 16) parallel to the axis of tiie bore. 
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Lei B 1*2 l>e the line or groove : at .M, 


Therefore 


tan a — x-. , n = 30. 
30’ 

4-“ = constant = e, 
(Wi- 


tan 0 = = nr + Cj, but when x = 0 ~ = 0, therefore Ci = 0, 

dx da, 

// =., L./’-' + rj, but when ~ 0 = 0, therefore Oj = 0, 

and when x •= I inches, where I represents the length of rilling, generally caMed the “ length of 
travel ” of the shot, 

tan 0 ~ tan a. — 

■n 

therefore 


so that 


cl = tan a c = 

11 111 




. 2nl 
= ~ y 


(2), 


•which is a parabola, whose vertex is at B and latus rectum is 

2id 


Putting 


if = b gives y = P-vAl - l ^ 


PiM = / 

11 

This shows that for a uniformly increasing twist from 0 to 1 in n, the angle turned through, 
with uniformh’ increasing twist is half that turned with uniform twist ; the velocity of rotation 
of the shcit at the muzzle is the same, 

’.riie angle of ritling ft at any point distant h inches from B is given by 

tauYi = ~ ~ . (.3), 

da 111 q " 

wluiro q is tlie twist of rihiiig. 

At the start., if the twist is 1 in in and increase nuiformly to 1 in n. at the muzzle M, 
tlieu the required curve is obtained thus : — 

-- •' = eomstant c, 
dx- 

~ 6/;+ r, but when a; = 0, 
da dee m 

and when a; = I, ^ * 

dx n % ® 
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Therefore 


m I Kn ' m J m 

V ^ ( -- - I X? 4- “ since X = 0 when y = 0. 
21 \n m Jm 


At any point distant K inches from B the twist of ritiing q is given by 


q~ 

where />’ is the angle of ritiing, and 


- -- )K+ - “ tan/5, 


~ j i i , r , TT , K / , m \ 


. (J). 


rdonlfi of Jiidntioa. 

The \ndocity of rotation of the projectile at au\' point depends solely on the forward 
velocity and the twist of rifling at that point; so that at the innzzle it depends upon the 
muzzle velocity and the final tvvist of rifling at the rmizzle. 

If V denotes the forward axial velocity with which the shot loaves the muzzle, tlien the 
spin imparts to the points on the outside cylindi-ical surface a component velocity at right 
angles to the axis of magnitude — 

A tan />' = “ ^ f/s; 

this is called tiie litu-ar velocity of nifafion. 

The angular veheity of rotation, in radians/second, is obtained by dividing this by the radius 
of the shot in feet, a or d -r 24 ; it is, therefore. 


-V 


247rV 

11,1^ 


and this again is converted into revoliitiona jjer se(^oml l>y dividing liy 2^, sinc'c one i-evolution 
equals 2r radians; the shot, therefore, makes — 


12V 


revs/see. 


Tims, comparing the 6-inch gun and magazine rifle, in each of which n = 30; then for 
tlie same muzzle velocity, say 2000 f/s, the linear velocities of rotation vdll l.>e the saiini, 
namely, 209 f/s, but the rifle bullet will make 2640 revs/second, against 133 revs/secoud of the 
6-iueh projectile. 

Fornierh" it was considered recj[uisite for a projectile to possess a given linear velocity of 
rotation to ensiu’e it.s stability in ilight, and for this reason the twist of rifling in howitzers, 
fij'ing with low velocities, was made very quick, even up to one in 12 calibres. 

But it is now found that the linear velocity of rotation .should be a given fraction of the 
initial velocity, so that the same twist of lafling is suitable for high or low velocities, with a 
given projectile ; 1.)ut the determination of the appropriate tvvist from theoretical con.siderations 
is not a. .simple inatter, and the twist must be settled by experiment to a groat extent. 

The hivestigation of tke stabilit}^ of an elongated projectile movdng through rhe hit in 
i.hu diicction^of its axi.s wi'^fli given angular velocity i.s v’-ery similar to tliat required fer the 



Table oe Eotation for STABiLm” of Projectiles. 

(Calculated from Sir C4eorge GreenhilFs formula bj Major Cundill, E.A., and extended by 
Mr. A. Ct. Hadeock, late E.A., ride Proc. P.J.L, rob xi, bfo. 2, and vol. xiv, No. 3.) 


Minimum twist at imixzle of gun requisite to give stability = 1 turn in w calibres. 


Leugtk of 
projertiic in 
eaiiVji’t-"'. 

Oast-iron common 
shell ; cavitT 
—•#j-tlis Yol. of shell. 
(Densitr of cast iron 
f-207.) 

Palliser shell j 
cavity 

== -Jth Y-oI. of shell. 
(Density of chilled 
iron 8 ’OuO.) 

Solid steel 
bullet. 

(Densit-y- of steel 

8 -000.) 

Solid lead and tin 
bullets of similar 
composition to M.-H. 
bullets. 

(Density of alloy 
i ■ 10-9.) 


« 

.. " 

« 

2-0 

63 -87 

71-08 

72 -21 

84 -29 

21 

59 -84. 

66 -59 

67 -66 

78 -98 

2 2 

56 Rl 

62 -67 

63 -67 

74 -82 

2-3 

53 -19 

59-19 

60 -14 

70-20 

2-4 

50 -4.1 

56 -10 

57 -00 

66 -53 

2-5 

47 -91 

53 -32 

54-17 

63 -24 

2-6 

45 '65 

50 -SI 

51 -62 

60 -26 

2 7 

43 -61 

48 -53 

49 -30 

57 -55 

2-8 

41 -74 

46 -45 

47-19 

55 09 

2-9 

4!'> -02 

44 -54 

45 -25 

62-72 

3 0 

38 -45 

42 -79 

43 -47 

50 *74 

3-1 

36 -99 

41 -16 

41-82 

48 -82 

3-2 

35 '61 

39 -66 

-40-30 

47 -04 

3 3 

34 -39 

38 -27 

38-84 

45-38 

3-4 

33 -aB 

36 -97 

37 *56 

43 -84 I 

3-6 

32 -13 

33 -75 

36 -33 

42 -40 i 

3 6 

31-11 

34-62 

35 -17 

41 -05 .1 

3 7 

30 -15 

33-55 

34-09 

89 -79 i 

3 -8 

29 -25 

32 -55 

33 -07 

38 *61 i 

3 -9 i 

28-40 

31 -61 

i 32 -11 

37 -48 ' i 

4-0 

27 -60 

30 -72 

i 31 -21 

36 -43 1 

41 

26 -85 

29 -88 

1 30-36 

85 -43 1 

4-2 1 

26-13 

29 -US 

i 29 -55 

34 -49 1 

4-3 

25-45 

28 -33 

I 28 -78 

33 -59 

4’4. 1 

24 -81 

27 -61 

I 28 -05 

82-74 

4 5 1 

24 -20 

26 -93 

! 27 -36 

1 31 -94 

4 6 1 

23-6.5 

26 -32 

; 26-74 

j 31 -21 

4-7 I 

23-06 

25 -66 

26 -08 

i 30 -44 

4 ’8 1 

22 -53 

25-08 

25-48 

29 -74 

4 9 1 

22-03 

24 -51 

24 -91 

29 '07 

5-0 

21 -36 

23 -98 

24 -36 

28-44 

5-1 

21 -08 

23-46 

23 -84 

27-83 

5-2 

t 20-64 

22 -97 , 

23 -34 

27 -24 

5 3 

i 20 -22 

22 -50 

22 -86 

26 -68 

6-4 

19-81 

22 -05 

22-40 

26 -14 

5-5 

1 19 -43 

21 -61 

21-96 

25 -63 1 

5-6 

! 19 -04 

^ 21 -19 1 

21 -53 

25-13 1 

5 7 

18 -68 

20 *79 i 

21-12 

24 -66 i 

5-8 

i 18 -33 

; 20 *40 i 

20-73 

24 -20 1 

5-9 

IS -00 

20 -03 ! 

20 -35 

23 -75 ! 

6 0 

17 -67 

19 -67 ■ 

19 98 

23 -33 

7 0 

i 14 -99 

16-68 i 

16 -95 

19 -78 ’ 

8-0 

13-02 

: 14-48 ■ 1 

14 -72 

17-18 

9 0 

11-50 

12 -SO 

13 -00 

15 -18 

10 0 

; 10 -31 

■ 11 -47 ■. 1 

11 ^5 j 

%■ i. 

13 -60 

m " . i 



iitabilitj of a to|j or gyrostat, si>inniiiig with its axis vertical, and the Ijehaviour of the bodie.- 
have a close analogy. The annexed table on p. 128 shows the result of such calculations. 

When a top is spun, the motion of the axis is at lirst unsteady, but this unsteadiness soon 
disappears, and the top then spins irpright, when it is said to go to sl,eep ; after a time the 
friction of the point reduces the spin to such an extent that the vertical position becomes 
unstable, and the axis again begins to wobble; the axis inclines more and more from the 
upright position, until finally the top falls over on its side (see Sir G. Greenhill’s Dynanvics, 
p. 194 to end). 

So, too, an elongated projectile fired from a rifled gun is at first rather unsteady from the 
first portion of its flight, but the friction of the air soon destroys the irregular gyrations, ami 
the shot, if provided with sufticiont spin, proceeds steadily in the dii-ection of the axis. 

If the spin^of the projectile died away more raj)idly than the foinca.rd velocity, the 
projectile, like the top, would again become unsteady. 

But the forward retardation of the shot is much greater than the angular retardation, so 
that the shot moves as if on an increasing screw ; and practically, if once steady, the shot will 
continue so throughout its trajectory, in cousecpience of this ooersmw. 

In high-angle fire, however, the metion tends to become nii steady in the descending 
branch, in ecinsequoncc of the great fnrvatvua> of th<' trajectory. 


The TijTAL Rotating Theu.st on the Driving Flanks of a Driving Band. 

Take a ei' 03 &-.‘?ectioii of a gun, let P be the top groove PZ looking from the breech end 
imvardis the muzzle, jPZ being parallel to the axis of the bore. PX is vertical and at right 
angles to PZ, PY is perpendicular to the plane PZX (see fig. 17). 

Draw the line PT so that ZPT = 0, the angle of rifling at P; similarly draw PNo in the 
plane PZYXi,, the quadrantal surface XZY is thus shifted round through the angle d to the 
position XTX,|. 

r . If, the driving flank of the groove is radial to the bore along PX, then PNo in the plane 
XNf, is the direction of the normal to the driving surface. 

VPheii the di iviiig flank is not radial to the bore, but .such that the normal to the driving 
flank, ;.i.s measured in the cross-section of the bore, makes an angle 8 with the radius of the 
bore, then the plane through the driving surface is now changed (from XPT) to QPT, and the 
angle QPX is 00' -5. The normd to this new driving surface is PN in the plane XPNo, and 
PNo beco]nes displaced to PN in the jilane XPNo through an angle NqN = 

Since T is the pole of the plane XNoN, XQ' = NoN = i/-, iuid the angle XTQ == so 
that in the right-angled triangle QYT 

YTQ = 90' -if'] 


TY - 90' - 0 



and 

tan 4' tan (S = cos 0 


The forces acting upon the shot in the bore are ; — 

I. The thrust of the powder gas, G tons, in the direction of PZ. 

II. The normal reaction of the surfaces in contact, R tons, in the direction PN. 
TIL The friction, gJi tons, acting tangentially hackwards in the direction TP. 


The com]»onents of these impressed forces resolved parallel to the axis PZ are thus 
composed of 


(G + R cos ZN - pli cos ZT) ton.s, 


hence (^fiDin th(' tornmla W ~ 

= G + K cos ZN .■ /<fi CO.S ZT («), 

2240x</ df- ^ ' 

where W is the weight of the shot in pounds, and Z tie distance it ba.s advanced in feet, while 
turning through an .angle w radians. Now, taking moments about the axi.s of the shot, the 
impressed couple on the shot along the axis PY at right angles to PZ (which is parallel to the 
axis of the shot), is 


(v’R cos Y'N - I'liR cos YT) tons/feet, 



To iam pem& /^. 
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cm ^ifi d^' im' 


Also from (6) 


und from (7) 


d~tf} cl~V ., . . 


f^’e _ If + R (cos ZN -- /A cos ZT) 
tm 

2240 xf/ 

, (/A) _ r-R (cos YA' - /X cos YT) 

V ^ =. ^ 


Suliatituting these values in equation (10) gives 


r- p cos YN - /X cos YT _ cPti ..., G tan 0 + R (cos ZN - /x cos ZT) tan d 

r- + - “'-'Tfr ^ 


G tan e + ■ j4 

2240 X (/ d^’ 

(cos YN - ju cos Y'T) - (cos ZN - /a cos ZT) tan 6 


cos YT - sin d. 


and from (5) 


cos ZT - cos d, 

cos Y'N = cos Y’No cos No’N = cos 0 cos li 


cos ZN = cos ZNn cos NoN = sin 0 cos \l 


tan d = cos & cot B, 


v4in- <5 + cos"^. 0 cos'^ B 


v' 1 + sin- S tan- 0 

tan d sin 8 
v^-f- sin'- 8 tan- d 


>240 x(/' t/A 


glU 5 - / — 1 j u 8111 6 

V 1 + siii- 8 tan- d \,/3- / 

vrliicli gives the general depression for any curve of rilling ,// ~f{^) expi'cssed in terms 
and 8. .Formula (14) and t2le above method of obtaining it is due to Sir G, Greenhill. 
(9263) It 2 


For a paraliolio twist, starting at zero and increasing uniformly up to fan 6 = 1 at the 
muzzle 

2nl 

;- === — 1 / ^ /://, say, 

» IT 

where I is the length of rifling. 


dy _ 2z _ -z 


S 


■nV 


where » is the distance down the bore, 


d’jl 

' 


' 2nl "■ nl' 


Substituting these s alues of tan S and in (14) gives 




W 


2240 X 


e-r- + 4/5-:- . 2nc:z (r- - p~) 

____ gJJ, Q _ 


v4 1- sin^ d + t'd 


V4r--j-r^ 


(15), 


which is the fonuiila given by Sir A. Noble in ‘ Pbil. Magazine,’ 186;i and 1864. 

With a = 0, and if (as is now usual) the normal to the 

driving surface, that is, the line of action K is perpeudieular to the radius, then the grooves 
have a radial flank and 3 = 90". The formula for Ji then Ijeeoraes 


cos ^ tan- B\-( L _ l \ a sin 

Vp- / \p- / 


tan d 


:()S B ■■ 


- Uud slU B = —A™. . 

. Jnd -4 37- s/ lfi + 77- 


{ 0 ) For a solid cylinder I'otutiiig about the longitudinal a.vis, p - 


(b) Fur -a -iolid pointed shot, p is less than -W because the ine/ui radius of the head is less 
than r. 

(c) For a hollow cyliinler p will be gix^ater tlian . — . 

'd2 

(d) For ii pointed shell p will be intermediate between (6) and (e) and approach (a) in 
value, that is p = 

■ v2. ■ 

The mathematical Cideulatiou of p for a pointed projectile is somewhat laborious 
especially when tlie slnipe of the cavity of a shell has to be considered : it is best to find p bv 
graphical methods. 

'With ^ 2. 


TT v'9l^ -j- 77 *^ 
in‘~ -f 77^ — p-TTV 


( 16 ). 
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Take a 12-incli gun, for which n = 30, ft. =» 0-2, d == 12, and a maximum chainher 
pressure p\ — IS cons/in.". 


R - - . d . f where t represents the thrust in tons per inch of circumference of bore. 

^ TT sAl" + TT’^ _ n 

G ~ d-p 1800 + 9-9 -18- 8 


R = ‘053 G — 'U537r 


At the point of maximum pressure j/ = p\ = 18. 

R = '053 X 7r X 30 X 18 = 108 tons. 

t = d = 2*80 tons per inch of cireumferenee at the time of maximum pressure. 

4 

Lastly, take the case of uniform rifling, o — ■ flOb and yr/r/zo//., then 

tan 6* = -- = A for u = 30, 
n 30 


hence from (14) and (16) 


R = *031 G = *05 


• p = -04^/";- 


prf = *013/0/ 


From (16), (17), and (18) for uniform rifling and 6 =. tiu the circumferential thrust of 
B tons at any point is obtained at once when the pre.ssure-sj);t,ce curve is known. 


CHAPTER VII, 


INTERIOR BALLISTICS. 


When a eliarge of cordite or other explosive is exploded in the chamber of the gun, the 
investigation of the relations coniieetiiig the pressure of the gases and the velocity of the 
projectile throughout the bore of a gun of known dimensions, with the , various elements 
such as the capacity of the chamber, travel of the projectile, time, rate of burning of the 
explosive, &c., &c., is a part of the science called Interior Ballistics, 

The subject of Interior Ballistics cannot be treated by rigid mathematical methods only, 
there exist such a number of factors which affect results that it is necessary to employ some 
empirical formulas. These formulas are deduced from the results of experiments made with 
closed-vessels and other instruments, hut more especially from the results of firing guns of 
various calibre with various charges of the explosive which is used in the Service. 

The following definitions are recj[uired in the practical treatment of Interior Ballistics : — 

Let d represent the calibre of a gun in inches. 

s the number of inches from the base of the projectile to any point along the axis of 
the bore : this is called the “ travel ” of the projectile to the selected point ; the 
“ total leng-th of travel” is the distance from the base of the projectile to the 
muzzle - So. 

C the volume of the powder cliambei’ in cubic inches (in.^). 

•G? the weight of the charge in Ihs. 

Equivalent length of the poicder elumibev : lo. 

If we take a cylinder whose cross-section is the same as that of the bore and whose 
volume is the same as the capacity of the chamber, the length {k) of this cylinder is called the 
equivalent length of the powder chamber ; so that (fig. 1) 

/o = inches - 1 * 27 inches = 0 • 106 feet ; and C - vr I,. 

d- d'^ 4 


Fig. 1. 



AVhen a weight ttr lbs. of explosive is in the powder chamber, the volume occupied by tlie 
charge includes a uumher of air interstices. In fig. 2, the chamber; i,s represented as reduced 
to a eylindei' whose cross-.section is the same as that of the bore, its kngth 00 /a-dnches. 
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Suppose the^air interstices of the charge removed, so that the volume occupied by the 
solid explosive itself is OA' and the volume occupied by the charge is OB'. 


Fig. 2. 



* Spmific gravity or demity, o, of ihe v-xpUmre. 

s _ weight of “ solid ” explosive 
weight of equal volume of water 

Aveight of explosive in OA' _ ’ 

weight of water filing OA' %/27‘73 

Avhere /« is .the cubic inches in OA' (fig. 2), and 27 • 7.3 cubic inches of water Aveigh 1 lb. at 
the standard temperature of 62“' F. ; therefore 

Va ' 



27*73ct 

~rw~ ' 


The-gravmetrk densUy 

Allowing for the air interstices of the charge, y is the mean density of the contents of 
the volurae actually occupied by the charge. In fig. 2, this is represented as OB' =•■ V. 

^ _ AA^eight of explosive in charge 

' Aveight of Avater filling the volume occupied by the charge 

To _ 27-73tJ _ 27 ’7357 

ri,l27‘73 ip volume occupied by charge ' 


Density of loading .-A. 

This is the mean density of the contents of the AA^hoIe poAAuler chamber, represented in 
fig. 2 as OC' = G, 

A = ^“^'^i ght of charge in chamber 

Aveight of water filling chamber ' 

This alloAvs for air interstices of the charge as Avell as for ‘‘ air-space,” therefore 

. _ w _ 27 ' 73(3 
~ C/27-73 ' 


Thus, for a 12-incli B.L. IX, A\dth a poAvder capacity 17930 cubic inches and a charge of 
245 lbs. of cordite M.D, 


27-73x245 

1793Q 




136 


iUso the number of cubic inches allotted to each pound of cordite in the^ chamber is equal 
to -^-1^ ~ 70' 5, lienee 70*5 is the ratio of 27-73 to 2k, and = 70*5. 

When the number of cubic inches allotted to each pound of the charge in the chamber is 
27 ’73, then the loading density is A = 1. 


Expansion rolurne : /q = 


A ■ 


When the contents of a whole charge are supposed evenly distributed throughout the 
s](aec in the glut h‘hiu>l fhe pw/eefik^ then 

_ volume occupied per lb, of charge ** 

27~f3 ' 

AYlieu the shot is rammed home, then before it moves, 


27-7315 ■ 


When A ST 1, then C = 27’73 uT, q, = 1, and the unit expansion volume is 27*73 cubic 
inches per lb. of charge. 

In the ease of the 12-inch IX, eq == q-t^ = 2 ’56 expansion volume.s in the chamber. 

When the projectile has moved clown the bore a distance s inches from the seat of the 
projectile, the space behind it is + j in.'b and then the number of expansion volumes 
is {see fig. 3) 

0 -i- ^ dh 1 d% + - d% ^ d2 (/o + s) ~ cm 

4 4* 4 4 4 

"" l7^73c5 27-7357 27*7357 “ ' 

so that, if the total volume of the chamber and bore to the muzzle be B in.'\ then 


where is tlie total travel, and 


4 


27-7357' 


In the case of the 12~ineh IX, this gives 

__ 63,100 _ cv.Q 

" 27-73x245 ‘ ’ 

total expansion volumes in the bore. 

i'x is usually taken to represent the number of expansions to the point of maximum 
pressure ; if this point be i-eached after a travel of si inches, then 




= 0- 02S3 4 - : 

2 < - 7 357 2 < • < 357 to 

■ f 

b “ h-^Su *■ 



9 Eqiikalenl length of huiud air qjace : 

In fig. 2 OA' represents tlio actual Tolmxie occupied bj" tlie charge as 
the total air space iii the chamljer ; the length AO = in inches, so that 

= OC-OA JL - ELBE. 


, 27 -73^/1 


!oli(l : AO' represents 


= 35 • 3 f ^ — inches 

\A B d- 


This formula is made great use of in the treatment of Interior Ballistics by Colonel Ingalls, 
U.S. Artillery (see Jaimial of the 11. A., December, 1 909, vol. XXXVI), “ Interior BaUidics 
after Li&sah n/gum Ingalls,” by Captain J. H. Hardcastle, p.a.c., late E.A,. ; also in the confidential 
^‘Internal Ballistics,” by Major N. B. Heffernan, p.a.r., R.A., published in 1907. 

From closed-vessel experiments the pre.ssure eorre.sponding to different densities of 
loading is obtained. Plotting these pressure.s as ordinate.? and the corresponding values of 

^ = V, that is expansion volumes as abscissas, a curve of and v can be dravni, and then, Isy a 

ciuadrature of the curve, the theoretical work E in foot/tons realised in a gun by the expansion 
of 1 lb. of an explosive from one value Vi to another r-a c^iu be olttained, unit expansion volume 
per 11). of explo.sive being 27-73 cubic inches. 

At any point of the curve let the pre.ssure be p tons/in.-, and suppo,se this constant 

while r - ‘-Edianges to v + , that is, during a change of dv corresponding to 27 '73 dr 

cubic inches, the total pressure on the base of the .shot in thi.s interval is p x ^ ami the 
distance travelled by the .shot is 


hexice the work done is 


9'7 . I73 

27 • 7 3_/; dv inch tons = dr foot tons ; 


AE = 2 • Sip civ foot tons, 


ind the total work done fx’om v = Vi to 'i 


E = 2*31 I ]gdv foot tons. 
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iJy this method the theoretical work capable of being done by 1 l].i. gf gunpowder or 
of cordite, ■^lark I or M.D., in expanding from volume unity to another can be found. 

For lbs. of explosive 

^ E = 2*31w I pclv foot tons. 

If the curve connecting and v be of an adiabatic nature, = const. ^ C, then 


and then 




2-31t7-M 

7 


or fi n, 
7 ■ 1 L v^h/ J * 

}’L~JAr Jll foot to 
y-1 

^[-(rr 


2hVi 

y-1 


E = 2-31c 7- ^^^’^ ,-. £g ££foot tons 
y-1 


SO that E can be tabulated for all possible values of — , 

V2 

When a gun is fired, the rate of ignition and the rate of combustion have a great effect 
on the pressures produced j of these two, the rate of combustion, however, has by far the 
greater effect. The greater the total surface of the explosive, the quicker the rate of evolution 
of the gases. The rate of combustion itself is a function of the pressure, so that the pressure 
is a function of the shape, size, chemical components, &c., of the explosive. 

When the charge in a gun is ignited, a certain amount of pressure must be reached before 
the projectile’s driving-band is “engraved.” The rate of combustion is increased, by the 
pressure, and before the projectile has moved far a high pressure has been reached. The 
projectile is meanwhile rapidly increasing its velocity and the volume behind it, so that very 
soon the pressure will begin to fall on account of this increasing volume and because of the 
los.s of temperature of the gases from the conversion of heat into energy, also from the 
decreased surface of the explosive. 

From the point of maximum pressure to the muzzle there should be a continuous fall of 
pressure, the decreasing pressure influencing the rate of combustion. The pressure-space 
ciu'vc along tlie whole length of travel is somewhat of the form in fig. 3. 

The following metliod of ti-eating interior ballistics immlves no rigid theory; it is merely 
an attempt to simplify a very difficult proldem and to arrive at a practical rsolution, namely, to 
find the weight and size of cordite M.D. which null produce in a given gun a required muzzle 
velocity and a given maximum pressure. 

With cordite hlarlc I, or M.D., a charge is not, as a rule, wholly consumed when the 
point of maximum pressure is reached; it is however found that the pressure-space curve from 
this point tc! the muzzle is of the nature of an adiabatic. 

(а) From the results of Sir A. Noble’s experiments with closed vessel, &c., Mr. A. G. 
Hadooek finds that from the point of maximum pressure to the muzzle, the curve connecting 
the pressure with the expansion volume, v, approximates veiy closely (for cordite M.D.) to the 
formula 

= 107-14. 

(б) And that up to the point of maximum pressure the curve which connects and v may 

be taken as a quadrant of an ellipse. « ^ 
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(d) Also tlu^b when employing (a) and (5) for finding the energy imparted to the projectile, 
a factor must be employed, which is given by 

factor = 0‘9 + 0-008d 

where d is the calibre in inches. 

For friction, &c., a deduction of 1 ton/in.- per foot of travel is made in foot tons, this 
is equal to 

area of bore x shot travel in feet = . p- foot tons. 


Fig. 3. 



Accepting {a), (h), and (c), the following method is given for finding the weight of charge 
of cordite M.D., also the size which will just be burned at the muzzle to produce a given 
muzzle velocity and a given maximum chamber pressure. 

Thefollowingdataarerequired:— 

W lbs., weight of projectile. 

5‘i inches, total length of travel. 
d inches, calibre of gun. 

G cubic inches, capacity of chamber. 

f/s, the required muzzle velocity, 
jp tons/iiF, the maximum pressure allowed. 

The following are then to he found : — 

Tu lbs, weight of charge, cordite M.D. 

D inches, the actual diameter of the cord of cordite M.D. 

In finding trr and D, the following curves are also obtained : — the pressure-space, velocity- 
space, time-^pace, film of ^brdite-spaee ; these give the pressure, velocity, time, and thicknes.s 
of cordite Imnied, at any ifoint along the bore of the gun. 

(9263) « ^ 
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The Yolume v in («) and (b) is ^ 

— d-l 

— capacity _ 4 __ - 

I „ - 27.73- .35 • St:? ’ 

where ? inches is the ‘distance to any point in the bore, measured from the rear end of equiva- 
lent length of the chaml)er. 

Sul) sti tilting this value in the equation 

(p -1) #-23 = 107-14, 

then 

(7, _ 1) = 107 • 14 (27 • 73nT)i'28, 

_L. =0-78, therefore (p ~ = (1^7 • 

(71- lf-SfZ2^ = 1361th . . . . . . ... (A). 


In fig. 3, Pi and li are the pressure and volumes of expansion at the point of maximum 
pressure j pa, represent corresponding values at the muzzle ; vq represents the volumes of 

expansion in the powder chamber itself. The area of the curve from ro to t-i is -4 (vi - Vo) Pi, 
and from rj to vo the area is 


Vj . i'l \ / 


107-14 / 1 


0‘2S .2;.,0’2S 


-1- (%-'?h) 


10/ - / 

Vi 

-^82-8 (A. 


The total area is therefore 


(-■1 - f«)/, I + 382-5 fe-*,). 

The work in foot tons per lb. of charge is 


(B). 


For uj lbs. of charge then, the work done on the projectile throughout the bore is ecpial 
to the muzzle energy in foot tons, and with the introduction of the factor and deduction for 
friction, &c., 

E ==-■ 

3//xl>240 

= factor 1 2 - 3 1 ih - ro ) pi ^ -t 382 - 5 4- (% - ?'i) J 

- area of bore x shot travel in feet j. , 
or, 

E = / - I X foot tons ; 


this £ 




( 0 ). 
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From tlie eq^iation 

(j> - = 107 -14 (Hadcock’s empirical formula for M.D. cordite), 


at point of maximum pressure, 


/107-14\i4 /107-14'f7s 

so that when pi is fixed, Vi is also known, and in the equation (B), when pi is known, and 
hence also ci, then for any chosen value of /q this last equation becomes of the form 

Xvfj + n, tan 0 = = X, 

* ‘•'■o 

which is a straight line, where X and y are constants, got from the known values of jq, rj, and 
the chosen value of ^ 2 , where 

X = - 2-31iq| = tan t', 

/X = 2-31 ~ + 382 • 5 + (<‘2 - in foot tons per lb. of cordite. 

Since A does not contain v^, it follows that for a fixed value of pi, 'Vi is known, and for 
various values of V 2 > ffie relation between e and Vq can he represented by a series of parallel 
straight lines ; ro being represented as abscissje and e as ordinates. 


Example in. drawinr/ parallel lines for the mse of pi — 16 tonsf in.^ (See Diagram A, 

Igj Captain li. K. He A A E-A.) 

Select any value of rq, say 10, then from (B) evaluate hi for ro = 2, vo = 3, etc., as an 
exaniple. The straight line got from joining the points {e-j>, - 2) and (cy, ro = 3) is drawn ; 

e can now he read off' this line for all values of % and for r-z =10. 

To draw the other lines it is necessary to find the co-ordinate values of e and cq for one 
point only and for another selected value of Vz, say — 11; a line through this point parallel 
to the first gives e in terms of all values of i'o and for = U- 

From tlie diagram of the serie.s of parallel lines, e can be read off for all values of Vz and 
all values of ro, so tbat the diagram gives a complete record of e for all values of i’o and Ci got 
from (B), when 

Pi == 16, — 4’ 64, X = tan = -29'05 


For any maximum pressure jq a similar diagram of parallel straight lines can be drawn. 
On any one diagram for pi use is made of the equation ro = , and that in any 

a:uri imder discussion —= -5 = constant. 

■h) C 


From the intersection of the plotting on the diagram of Vq = 


27'73cr> 


and 


the weight of charge rrr is road oft'. 

An example will vei^^ readily show the method of procedure, which is exactly the .same 
for any gun. » 
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60'pr. B.L, : — 


ExampU for finding ts. {Diagram A.) 


W = 60 lbs. 
d = ^ inches, 

,?.2 = 11 ‘5 feet. 

C - 618-75 ins.3. 

B (total bore) = 3361 ins.^. 

It is required to find the charge of cordite M.D, which will give M.V = 2030 f/s and 
n - 16 


From 


Muzzle energy E = - 


WV2 


= 1818 foot tons 


2g X 2240 

Factor, / = 0 • 9 + (0 • 008 x o) = 0 • 94. 

7^0 = ^+- dh 
f 4 

= + 7 x25xll*5 = 2160, 

0 ■ 94 4 


Now 


therefore 


0 


618-75 


■ 27-'73w 27-73W’ 


7-0 _ 618-75 


618-75 


618-75 


From Diagram A 


and 


fi 27-73We •2T-73 x2160 59,900 

= " (n straight line). 

200 300 ^ ° 

Vq = 2*07 when c == 200, 

Vq = 3-1 when c = 300. 


On the Diagram A, for joi = 16, plot any two selected points such as (2 • 07, 200), 
(3-1, 300), and draw the straight line through them. 

Again, 

__ B _ 3361 _ 12 __ 13 . 

fii G : 618-75 2-21 2-395 ^ 

since 

i\y ~ 2-21 when r.i = 12 and % = 2-395 when V 2 =13, 

Draw the straight line joining the points selected, (12, 2*21), (13, 2-395). 

The intersection (see Diagram) of the two last drawn curves or straight lines gives a 
value of r = 225, from wdiieh 

_ 2160 


225 


= 9-6 lbs. 
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The Pr^sure-spaee Curve behveen Point, (vf Mfmunim Premire mid the Mu:de. 

From page 140, formula (A), 

(p-iyvrsfpi ^ IQQlvy. 

A graphic representation of this formula is most useful (see Diagram M)- 
Writing 

dn =: 

2 log 4- log I = log w - 0'78iog (j)~ l)4-log 1361, 

which is of the form 

An equation of this form can, as shown by M. d’Ocagne in “ Calcul-graphique et 
Noraographie,” P^iris, 1908, be represented by a “nomogram,” in which the scales of d, 
lie on four parallel straight lines, while a fifth central undivided “ line of reference ” serves to 
connect the alignment of corresponding values of d (calibre) and I (travel plus E.L.G.), 
O' (weight of charge) and (pressure) (fig. 4). 


Fig. 4. 



rhe nomogram is read in the following way ; — 

Supposing /, d, M are known, and it is required to find tlic ^'alue of p to satisfy 
(p-l)«‘Si2/ = 1361trr. 

Join the given values of I and d on their respective scales l>y a straight line cutting the 
reference line in a point A (fig. 4). 

Join the given value of V5 on its scale to A and produce to cut the scale of p, the point 
of inter.seetion will give the required value of p. 

On Diagram B, worked out and drawn by Captain E. K. Hezlet, E.A., a complete repre- 
sentation is given which is applicable for variations of 1 to 500 lbs. for to, 5 to 1000 inches 
for I, 10 to 1,000,000 cubic inches for capacity of chamber C, 2 to 16 inches for d, 3 to 
25 tons/in." for p; 1 is measured from the rear end of the equivalent length of the chainbe]-. 

From Diagram B (the central scale has in this case been divided to show the actual 
capacities in culhc inches) a number of points can be at once plotted in the pressure-space 
curve between the point ol» maximum pressure and the muzzle ; this part of the curve cun be 
drawn (see lliagram C). » 
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Ths JPremire-spacs Cwm wp to the, Point of Ilaxmmn Pressure, - 

Thi.s is ii quadrant of an ellipse (see p. 138), in which the semi-niajor axis is the length 
rcjri-e.senting the maximum pressure /q tons/in.-, the semi-minor axis is the length representing 
the travel s inches up to the point of maximum pressure, this “ s ” inches is found by means 
of j;>iagram B : pi, d, 0, rn being known, I is found, hence s = (I- Id) inches is found, where k 
is the equivalent length of the chamber. 

^suppose OA — a, OB = h represent the semi-major and semi-minor axes respectively, 
\Vith centre B and radius equal to a describe a circle cutting AO A' in F and F', then F and F' 
are the foci. 


A 



Take a string of length 2a equal to the major axis, fasten the ends at F and F', then a 
pencil in the loop will describe a true ellipse ; the required quadrant of the pressure-space 
cniu'e up to the maximum pressure is thus quickly drawn with accuracy (see Diagram C). 

FdocUji along the Bore : Felocity-space Gtirre. (Diagram (L ) 

This is obtained quickly with the help of a planimeter, which gives the area, A, of the 
pressure-space curve up to any point along the bore; an example from the 60-pr. B.L. 
is given; — 

60'pr. B.L. — 

d - 5, tu=9-44 1hs., ib = 16, C == 618-75, 

E.L.C. = to — 31 ’5 inches, W = 60 lbs,, total travel, 138 inches. 

Distance from end of equivalent length of chamber to point of maximum pressure is 
Si = 62 inches. 

From the pressure-space diagram : — 

1 square inch represents 20 inch tons/in.“, ^ 

Empirical factor = 0-9 [0-9 -f-0-0G8(f[ = 0*9 X 0-94 = 0r846. '' 
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The volocit.^ iit uny point is given by 

--- ^ foot/tons = A X f !!- x 0 • 840 x - , 

2f/x2240 ' , - 4' 

II f/s = vA X 20 X 0 *846' x 62 ~ 255 A, 


avcl .-i inche.s. 

/ jjiches. 

: p tons/in. b 

Area, sq. inches. 

r - 25-) s! A, 
feet per second. 

0 

31-5 



0 

20 

— 

— 

1 1 • 60 

868 

30 • 5 @ 

62 

16 

— 


40 


— 

27-82 

1345 

60 

— 

9-8 

39-37 

1598 

80 

1 

8-1 

: 48-20 

* 1770 

100 ! 

— 

6-1 

1 55-61 

1900 

120 

— 

5*8 

' 61-86 

2005 

138 


5-1 

66-70 

2080 


See Diagi'tim C, Arbieh is Avorked out and drawn by Captain E, K. Hezlet, R.A. 


Tiuie-space, FUni BanU-.^pace Ciin'es, and She of Cordik to ha Ihed. {Diagraoi (J.) 


Use is made of Mansell’s table for film of cordite burnt in O-OOl second under various 
pressures. Temperature of charge 80“ F. For the 60-pr, B.L., the following table shows the 
tabulated figures which provide the data, and a similar procedure applies to any gun : — 


Travel, 
ft inches. 

■r f/s, 
mean 
velocity 
over the 
interval. 

Af secs,, 
time over tire 
interval, „ 

/ sees., 
time to any 
point 

along boro. 

p tons/ in-, 
inean 
pro.ssure 
over 

the interval. 

Mansell’s 
factor X 1000. 
Temperature 
of ehai’ge 
80'" P. 

aF inches, 
lilm-burnt 
(reduction of 
diameter) 
during the 
interval. 

F indies 
thickness 
biirnt up to 
any point 
along bore. 

0 

270 

0-00309 


8-6 

11 '78 

0 -0363 


lu 

700 

0-00119 

0 -00309 

14 -7 

19 -92 

0 -0236 

0 -0303 

20 

1020 

0-00082 

0-00423 

15*8 

21-40 

0-0175 

0-U599 

1 30 

1250 

0 -00067 

0 -00510 

14*7 

19 -92 

0 -0133 

0-0774 

! 40 



0 -00577 




0 -0907 

1 1 

1490 

0-00112 


11 -3 

15 -38 

0 -0172 


1 00 

1 

1700 

0 -00098 

0 -00689 

8-8 

12 -04 

0 -0118 

0 -1079 j 

80 

1810 

0 -00091 

0 -00787 

7-4 

10-17 

0-0092 

0 -1 197 i 

1 100 

1960 

0 -00085 

0 -00878 

6-3 

B-70 

0 -0074 

0 -1289 

j 120 

2050 

0 -00073 

0*00963 

5-6 

7-77 

0 -0057 

0-1363 ; 

13S 



0 -01036 

i 

’ 

! 


0-3420* ) 

1 


* This is close to the actual size (0 T265) of size 16 M.D. Hence size 16 M.D. should be used. (See 
.Diaifram G.) This size 16 would be all burnt at a point about 40 inches from the muzzle. 
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INTRODUCTION. 


These ])allistic tables are Inised upon experiments carried out at Shoebiiryness in 1904-6 
with projectiles of two-ealil>re head (Ordnance Committee Reports Nos, 1179, 1185 and 
1192). 

The laws resistance of the air deduced from these e.xperiments are expressed by the 
following ecpiations in which C is the ballistic coefficient and r the retardation (in foot-seconds), 
or resistance per unit of projectile’s mass : — • 

4000 f/s > r > 2600 f/s, 

CV = [7-1865702 - ICj N'^b 
2600 f/s > r > 2000 f/s, 

CV = [7-7671157 - 10] 

2000 f/s > V > 1460 f/s, 

CV = [6-7768067 - 10] 

1460 f/s > r > 1190 f/s, 

CV - [2-9795830 ~ 10] 

1190 f/s > r > 1040 f/s, 

Or - [2-3689459 - 20] 

1040 f/s > i- > 840 f/s, 

Or - [2-7777107 - 10] 

840 f/s > r > 0 f/s, 

CV = [6-8717017 - 10] ri f!. 

— The figures in the braeliefcs are the logarithms of the eoetlieients of u. 

Table I. gives values of K, Or, and j? for velocities from 100 f/s to 4000 f/s. 

Tables II., III., IV., Y., VL, and YIII. are in appearance similar to those in Text Book 
of Gunnery, Part L, 1907, which they now supersede. 

Table VII. is compiled from Glaisher’s Hygrornetriml Tables, and is usefid for obtaining 
values of the coefficient of tenuity, t, for all readings of the wet and dry bulb. 

From this table, 6, the density in grains/ft.® for the reading of the barometer in inches, 
and of the wet and dry bulb thermometer in degrees Fahrenheit of the meteorological record 

on the day of an experiment can be obtained, and thence the tenuity factor r = where 

N = 534 -2^ is the standard density in grains/ft.^ for dry air at 62“ F. and a 30-irieh barometric 
height. * 

(9263) • T 2 
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To use the table, look out the number corresponding to the readings give^i 1)y the wet and 
dry bull) ; this gives the grains/ft.® at a barometric height of 39 inches ; and then the table of 
proportional parts (used in conjunction with the column “Difference for 1 inch in barometer”) 
shows the addition to be made for the extra height of the barometer above 29 inches. The 
stiuidard barometric 'height in the table is taken very low, at 29 inches, in order to avoid 
negative prnportional parts. 

Jy/diiijiii ’-'! : — 

1. On March 7, 1S79, the meteorological record was 

Thermometer / ^ I Barometer 29-95 

I Dry .29“/ 


r538-9 
J 16-7 
I 0-9 


3 _ 556-5 

A “ 534"^. 


8 = 556 - 5 

1-042. 


2. On March 11, 1879, the readings were 


Thennometer 


C ^Vet 42"^ 1 T, 

lDry4.M 


larometer 30-25 


r.532-3 
J 18-3 
1 3-7 

I 0-9 


A 


- = 1-039 


8 = 555-2 
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TABLE I. 


Values of K, C/', and p. 



K 

( looo ) 

= Cr = pff 

P 


, 

K 

y ‘ 

Vioooy 

= Or = pc/ 


f/s. 

100 

1179 -ol 

1 -18 

lbs. 

0 -037 


£/s. 

560 

105 -74 

18 -6 

lbs. 

0-577 

110 

1032 -18 

1 -37 

0 -043 


580 

100 -67 

19 -6 

0-610 

120 

913 '80 

1 -58 

0 -049 


600 

96 - 0.1 

20 -7 

0-644 

180 

816 '93 

1 -79 

0 056 


620 

91 -70 

21 -9 

0 -679 

140 

736 '41 

2-02 

0 -063 


640 

87 -71 

23 -0 

0 -714 

150 

668 111 

2 -26 

0 -070 


660 

84 -01 

24 -2 

0 -750 

160 

610 -85 

2-50 

0 -078 


680 

80 -57 

25 -3 

0-787 

170 

661 14 

2 -76 

0-086 


700 

77 -37 

26 -5 

0-824 

180 

517 -99 

3 -02 

0-094 


720 

74 -88 

27 -8 

0-862 

190 

480 -23 

3 -29 

0-102 


740 

71 -58 

29-0 

0 -901 

200 

446 -OS 

3 -58 

0-111 


760 

68 -96 

30 -3 

0-940 

210 

417 -44 

3-87 

0-120 


780 

60 -49 

31 -6 

0-980 

220 

391 -12 

4 -16 

0 -129 


800 

64 -18 

32 -9 

1 -02 

230 

367 -52 

4 -47 

0-139 


820 

62 -00 

■34 -2 

1-06 

240 

346 -26 

4 -79 

0-149 


840 

59 -94 

35 -5 

1 -10 

250 

327 -04 

5 -11 

0 -159 


S 60 

59 -94 

38 -1 

1-18 

260 

309 -56 

5 -44 

0 -169 i 


880 

59 -94 

40 -8 

1 -27 

270 

293 -63 

5 -78 

0 -180 1 


900 

59 -94 

43 -7 

1 -36 

280 

279 - Od . 

6 -13 

0 -190 1 


' 920 

59 -94 

46 -7 

3 . -45 

290 

265 -67 

6 -48 

0 -201 I 


940 

59 -94 

49 -8 

1 -55 

800 

253 36 

6 -84 

0-212 i 

i 


960 

59-94 

53 -0 

1-65 

310 

241 -99 

7 -21 

0 -224 


980 

59 -94 

50 -4 

1-75 

320 

231 -47 

7 -58 

0-236 


1000 

59 -94 

59-9 

1 -86 

330 

221 -71 

7-97 

0 -248 


1020 

59 -94 

63 -6 

1 -98 

340 

212 -03 

8 -36 

0-260 


1040 

59 -94 

07 -4 

2 -09 

350 

204 -17 

8 -75 

0-272 


1060 

64 -01 

76 -2 

2-37 

360 

196 -28 

9 -16 

0 -284 


1080 

68 -27 

86 -0 

2-67 

380 

181 -97 

10 -0 

0-310 


1100 

72-73 

96 -8 1 

3 -01 

400 

169 -36 

10 -8 

0 -337 


1120 

77-40 

108 -7 

3 -38 

420 

158 -IS 

11 -7 

0-364 


1140 

82-27 

121 -9 [ 

3-79 

440 

148-21 . 

12 -6 

0 -392 


1160 

87 -36 

136 -4 

4-24 

400 

.139 -26 

13 -6 

0-421 


1380 

92 -67 

152 -3 ! 

4-73 

"480 

131 -21 

14 T ) 

0 -451 


1190 

95 -41 

160-8 

4 -99 

500 

123 -92 1 

15 - 5 ^ 

0 -481 


1200 

95 -41 

164-9 : 

5-12 

520 

I 17 i 80 

16 -5 

0 -512 


1220 

95 -41 

173-3 

5 -38 

540 

111 -26 

17 -5 » 

0 -544 

j 

1240 

95 -41 

181-9 i 

5 -05 
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Table I — continued. « 


: 

1 

E j 

1 

('looo) 

, =CV=i)/7 

P 


• 

K 


P 

f's. i 



lbs. ! 


f/s. 


1 

lbs. 

IL'UH 

95-4] ■ 

190 -9 

5-93 ! 

; 2280 i 

53-73 ! 

636 -8 ! 

19 '78 

1280 ’ 

95 M l 

200 -1 

6 '22 ! 

^ 2300 j 

53 -03 i 

045 -2 

20 -04 

181 >0 

95 -41 

209 -6 

6-51 ; 


2320 

03 -35 

653 -7 

20 -30 

1820 

95 -41 

219 -5 

6 -82 


2340 

51 -68 

602 -1 

20 -ov 

1810 

95 -41 

229 *6 

7 '13 

2360 

51 -02 

670 '6 

20 -83 

1800 

95 • 11 

240 -0 

7 '45 ' 

2380 

50-38 

679 -2 

21 '10 

1 1381 > 

95 M l . 

250 -7 

7 -79 

2400 

49 '75 

687 '8 

21 -36 

1 l-lOO 

95 Ml 

261 -8 

8 -IS 


2420 

49 -13 

1)96 -4 

21 -63 

1420 

95 Ml 

273 '2 

8 -49 


2440 

48 '53 

705 -0 

21-90 

1440 

95 Ml 

284 '9 

8 '85 


2460 

47 '94 

713 '7 

22 -17 

1460 

95 -Ml 

296 -9 

9 '22 


2480 

47 -36 

722 '4 

22 '44 

1480 

93 -SO 

304 '3 : 

9 -45 


2500 

46-80 

731 '2 

22 'U 

1500 

92 -36 

311 '7 

9 -68 


2520 

46 '24 

740 '0 

22 -99 

1520 

90 '91 

819 -3 

9 -92 


2540 

45 '70 

748 '8 

23 -26 

1540 

89 -4.9 

326 -9 

10 -15 


2560 

45 -16 

757 -7 

23 '54 

1560 

88 -12 

334 -5 

10 -39 


2580 

44 -64 

766 '6 

23 -81 

1580 

86 -78 

342 '3 

10 -63 


2600 

44 '12 

775 '5 

24 '09 

1600 

85 '48 

350 '1 

10 -88 


2620 

43 -67 

785 '5 

24 '40 

1620 

84 '21 

368 -0 

11 '12 


2640 

43-24 

795 '5 

24 -71 

1640 

82 -99 

366 -0 

11-37 


2660 

42-80 

805 '6 

25 '03 

1660 

81 '79 

374 '1 

11-62 


2680 

42 -38 

815 '8 

25 '34 

1680 

80 '62 

382 -3 

11 '87 


2700 

41 '96 

826 '0 

25-66 

1700 

79 '48 

390 '5 

12-13 


2720 

41 -OO 

886 2 

25 '98 

1720 

78 -37 

398 -8 

12 '39 


2740 

41 -15 

846-5 

26 '30 

1740 

77 '29 

407 '2 

12 '65 


2760 

40-75 

856 'S 

26 '62 

1760 

76 '24 

415 '7 

12-91 


2780 

40 '36 

867 -2 

26 '94 

1780 

75 '22 

: . 424 -2 

13 '18 


2800 

39 '98 

877 '7 

27 '26 

1800 

74 '21 

i 432 '8 

13 '4 1. 


2820 

i 39 -60 

888 -1 

27 '69 

1820 

73. '24 

1 441 -5 

13 -72 


2840 

i 39 -23 

898 -7 

27 '92 

1840 

! 72 '28 

450 '3 

13 '99 


2860 

i 38 '87 

909 -3 

28 -25 

1860 

i 71 '35 

1 459 -1 

14 '26 


2880 

38 -51 

919 '9 

28 -58 

1880 

70 '44 

468 '0 

14-54 


2900 

38 '17 

930 -6 

28 -91 

1000 

i 69 '55 

477 -1 

14 -82 


2920 

37 -81 

941 '4 

29 -24 

1920 

: 68 '68 

486 -1 

15 '10 


2940 

37 -47 

952 -2 

29 '58 

1940 

67 -83 

495 '3 

15 '39 


2960 

1 37 -13 

963 '0 

29 -92 

1900 

67 -OO 

504 '5 

15 67 


2980 

! 36 '80 

973 -9 

30 '25 

1980 

66 '19 

513 -8 

15 -96 


3000 

36 -48 

984 -8 

30-59 

2000 

: 65 '40 

! 523 ‘2 

1 16 '25 


3020 

36 '15 

995 -8 

30 -93 

2020 

: 64 -43 

i 531 -1 

1 16 '50 


3040 

35 -84 

1007 

31-28 

■ 20 10 

63 '49 

539 '0 

16 -74 


3060 

35 '53 

1018 

31 -62 

2060 

i 62 '56 

i 546 -9 

16*99 


3080 

35 -22 

1029 

31 -97 

2U80 

; 61 -06 

664 -9 

17 *24 


3100 

34 '92 

1040 

32 -32 

2100 

60 '78 

562 -9 

17*49 


3120 

34 -62 

1052 

32 -66 

2120 

■ 59 -93 

571 '0 

17 '74 


3140 

34 -33 

1063 

33 -01 

21.40 

59 '09 

579 -1 

17 -99 


3160 

34 -04 

1074 

33 -37 

, 2160 

58 '27 

! ■ 587-2 

18 *24 


3180 

33-76 

1086 

33 '72 

: 2180 

57 -47 

: 595 -4 

18 *49 


3200 

33 -48 

1097 

34-07 

. 2200 

1 56 -69 

I 603 '6 

18 '75 


3220 

33 -20 

1108 

34 '43 

2220 

i 55 '92 

i 611 -9 

19-01 


3240 

32-93’ 

1120 

34 '79 1 

' 2240 

; 55 MS 

620 '1 

19 -26 


3260 

32 -66 

1132 ^ 

35-16 

: 2260 

!, 64 -44 

1 628 '0 

19^52 


3280 

32 -39' 

1143 

35-51 
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Table I — continued. 



K 

K f 

\ 1000 / 

== Qr = -pn 

■P 

V 

K 

,= Ct- == i\g 

P 

3300 

32 -IS 

1155 

lbs. 

35-87 i 

f/s. 

3660 

28 -00 

1373 

lbs. 

42 -64 

3320 

31 -88 

1166 

36 -24 

3680 

27 -80 

1385 

43 -03 

3340 

31 -62 

1178 

36-60 

3700 

27 '60 

1398 

43-43 

3360 

31 -37 

1190 

36-97 

3720 

27 -40 

1411 

43 -82 

3380 

31 -13 

1202 

37 -34 

3740 

27 -21 

1423 

44 -21 

3400 

30 -as 

1214 

37 -71 

3760 

27 -01 

1436 

44 -61 

3420 

30 -64 

» 1226 

38-08 

3780 

26 -82 

1449 

45 -00 

3440 

30 -40 

1238 

38 -45 

3800 

■ 26 -64 

1462 

: 45 -40 

3460 

30-17 

; 1250 

38-82 

j 3820 

i 26 -45 

1474 

! 45 -80 

3480 

29 -94 

1262 

1 39 -20 

; 3840 

26 -27 

1487 

i 46 -20 

3500 

29 -71 

1274 

: 39-58 

: 3860 

26 -09 

i 1500 

i 46 -61 

8520 

1 29 -49 

1286 

39-95 

1 3880 

25 -91 

1513 

1 47 -01 

8540 

29 -27 

1 1298 

; 40 -33 

3900 

j 25-73 

1526 

: 47 -42 

3560 

29 -05 

! 1311 

! 40-72 ; 

3920 

1 25 -56 

1539 

i 47 -82 

3580 

28 -83 

; 1323 

41 -10 ^ 

3944> 

25 '38 

1 1553 

i 48 -23 

8600 

28 -62 

J335 

j 41 -48 

3960 

25 -21 

i 1 566 

! 48 -64 

3620 

28 -4.1 

1 3348 

41-87 ! 

3980 

i 25 -05 

j 1.579 

49 -05 

3610 

28 -20 

1360 

1 42-25 i 

4000 

^ 24 -88 

! 1592 

1 

49 -46 



TABLE ri. 
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Table II — continiml. 
/ = C[T(V)-T(t>)]. 
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Table II — contirimd, 
;=0[T(V)-T (,•)]. 
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Table II — conlinued.\ 
i^=C[T(V}-T(e^]. 






159 






Table II — contimied, 
i; = C[T(V)-T(.)]. 


IGO 



■I 






11 1 -649 


161 



1'977 I 1-978 


Table II — continued. 


162 



2-196 








Table II — -continu&d. 
^ = 0[T(V)-T(«)]. 









stance s in feet, between velocity V and v f/s. 5 = C [S (V) - S (t')]. 



775(5-4 ' 7796-7 j 7834 -9 7874-0 7913-1 7952-1 7991-1 8030-0 8068-8 8107 







Table III — continued. 
. = 0[S(V)-S(.)]. 


166 




















Table III — continned. 
s=C[S(T)-S («»)]. 




168 



I 

I 






8487 











3 370 -6 3 374 -4 1378*2 






1599 • 


171 



Table III — confiimed. 
. = C[S(V)-S(.)]. 


172 







300 I 4856 -4 4859 -5 I 4802 -5 4865 ‘0 4868 ‘6 4871 *7 


174 










‘dm 67[M. -6 (5787 '3 (5740 '0 6742 '6 j (5745 ‘3 6743 '0 6750 6 





Table III — con timmL 

.s- = C[S(V)-S (..)]. 



7528*7 ! 7531*2 | 7533 *7 7536 









4 7614 ■ 



Urn -A - tfin ^ - C [J (V) - f (V)], ar <//' - == HT • :? C [I (V) - T (.)]. 


178 





179 
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Table IV — eon tin ned, 

tan e - C [I ( V ) - 1 (a)], 01 - J> - rr := r,7 • :i C [I (V) 


180 



■ - 94 . 594 , -94602 I -94611 *94619 I *94627 



94732 


181 



•96711 -96716 -96720 j -96724 j -96725 






182 





184 




•»‘)n(J2 -onoes -99064 -99066 . -99067 ‘99068 *99070 *99071 I -99072 

•99076 i -99076 -99078 ‘99079 1 -99081 *99082 *99083 *99085 j *99086 

•99089 -99090 -99092 *99093 ' *99094 *99096 *99097 *99098 i ‘99100 



•99467 

■iyjm 




Table Vf— continued. 


186 








99749 I -99750 j '997 



•90983 i -99983 j -99984 i -99985 -^985 | '99986 ’99986 ’99987 








Table IT — coniinmd. 


188 



•00111 




TABLE 


189 







190 







191 



870 -08 



Table V — continued. 
Altitude Function, A (v). 



207-34 I 211-50 215-66 | 219 -82 i 223-97 228-12 | 232 27 






(504 -74 i 608-40 (312-06 615 -72 | 619-38 I 623-04 j 626-70 ! 630-30 631. -02 637-68 
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883 -71 









Table V — continued. 
Altitude Function, A- (?^). 
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TABLE VI. 


{0) ~ I ?,ec^6dd = sec d tan 6 -f- i- logn (sec 6 + tan 6). 


e. 

(0). ^ 

tan d. 

0 

0 

0 -00000 

0 -00000 

0 30 

0 -00573 

0 -00873 

1 


0 -01746 

0 -01746 

1 30 

0 -02619 

0 -02619 

2 

0 

0 -03493 

0 -03492 

2 30 

0-04367 

0-04366 

3 

0 

0 -05243 

0 -052 1.1 

3 30 

0-06120 

0-06116 

4 

0 

0 -06998 

0 -06993 

4 

30 

0 -07S7S 

0 -07870 

5 

0 

0 -08760 

0 -08749 

5 

30 

0 -09644 

0 -09629 

6 

0 

0 -10530 

0 -10510 

6 30 

0 -11418 

0 -11894 

7 


0 -12309 

0 -12278 

7 30 

0 -13203 

0 -13165 

^ 8 

0 

0 -14100 

0-14054 

8 30 

0 -15001 

0 -149 15 

9 

0 

0 -15904 

0 -15838 

9 30 

0-16S12 1 

0-16734 

10 

0 

0-17724 1 

0 -17633 

10 30 

0 -18639 

0 -185-34 

11 

0 

! 0 -19560 ' 

0 -10438 

11 

30 

0 -20485 

0 -20345 

12 

0 

! 0-21415 : 

0 -21256 

12 

30 

0-22350 . 

0 -22169 

13 

0 

! 0 -23290 i 

0 -23087 

13 

30 

0 -24237 

0 -2400S 

14 

0 

0-255189 i 

0 -24933 

14 

30 

} 0-26147 1 

0 -25862 

15 

0 

0 -27112 

0 -26795 

15 

30 

j 0 -2S0S4 ; 

0 -27732 

10 

0 

0 -29063 ■ 

0 •2867r5 

10 

30 

0 -30049 

0 -20621 

17 

0 

0 -3101-3 

0 -30573 

17 

30 

0 -32;)45 

0-31530 

18 

0 

0 -33055 1 

0 -324.92 

18 

30 

0 -34074 . 

0 -33460 

]9 

0 

0 -35102 : 

0 -34433 

;io 

30 

0-36139 

0 -35412 

20 

0 

0 -37185 

0 -36397 

20 30 

0 -38212 , 

0 -373S8 

: 21 

0 

0 -393U9 i 

0 -38386 

21, 30 

0 -40387 1 

0 -39391 

22 

0 

0 -41476 

0 - lOlOll 

■'■22 

30 

0 -42577 

0 -41421 

23 

u 

0 -43690 

0 42447 

23 

30 

0-44815 , 

0 •43481 
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0 


(e)- 

tan 0. 

24 

0 

0 -45953 

0 -44523 ! 

24 

30 

0 -47104 

0 -46573 i 

25 

0 

0 -48269 

0 -46631 ; 

25 

30 

0 •4t)44.9 

0 -47698 ; 

26 

0 

0 -50643 

0 •18773 ' 

26 

30 

0 -51853 

0 -49858 1 

27 

0 

0 -53078 

0 -50953 ' 

27 

30 

0 -54320 

0 -52057 ■ 

2S 

0 

0 -SSooO 

0 -53171 

28 30 

0 -56856 

0 -54296 

29 

0 

0-58151 

0 -55431 ! 

29 

30 

0 -39465 

0 -56577 i 

so 

0 

0 -60799 

0 -57735 i 

30 

30 

0 -62152 

0 -58904 ; 

31 

0 

0 -63527 

0 -60086 , 

31 

30 

0 -64921 

0 -61280 ! 

32 

0 

0 -66343 

0 -62 187 

32 

30 

0 -67786 

0 -63707 

33 

0 

0 -(>0253 

0 -GlOd-l 

33 

30 

0 -70744 

0 -66189 

84 

0 

0 -72263 

0 -67431 

34 

30 
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0 -68728 i 

35 

0 
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35 

30 
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0-71329 1 

36 

0 
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37 

0 
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0 -75335 ! 

37 

SO 

0 -83707 
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38 

0 

0 -85473 
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38 

30 
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39 

0 

0-89114 

0 -80978 i 
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30 
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0 -82434 : 

40 
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0 -83910 

40 

30 

0-94877 
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41 

0 
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30 
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; 0 -88473 j 

42 

0 

1 -01039 
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42 

so 
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0 -91633 

43 

0 

1-05395 

i 0 -93252 ! 

43 
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1 -07653 
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44 

0 
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45 

0 
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1 -oooou ,1 
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30 
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47 
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47 

30 
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(6). 

tan 0. 
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1 -30863 

1 -33818 
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1 -13029 
1 -15037 

-19 30 

50 0 

50 30 
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1 -43^36 

1 -46574 
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1 -19175 
1 -21310 

51 0 

51 30 

52 0 
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1 -53579 

1 -57257 

1 -23490 

1 -25717 
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53 0 
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1 -64995 

1 -69070 
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1 •33704 
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54 30 

55 0 

1 -73291 
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55 30 

56 0 

56 30 
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1 -0 905 
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1 -48256 
1 -51084 

57 0 

57 30 
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2 -07712 

2 -ISloO 

1 -53986 
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59 0 

59 30 

2 -19446 i 
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2 •32-21:6 ■ 

1 -631 85 
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1 -69766 
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60 30 

61 0 

2 -39053 
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: 2 -33678 
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61 30 
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1 -84177 
1 -88073 
1 -92098 

63 0 

63 30 
fl4 0 

■ 2 -87490 

2 -97002 ! 

3 -07150 

1 -96261 

2 -00369 
2 -050:10 

64 30 

65 0 
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■ 3-17794 
; 3 -29039 

■ 3 -40934 1 

;'l -09654 
2 -14451 
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66 0 
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67 0 
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■ 3 -66893 
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67 30 

68 0 
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4 -29410 i 

2 -41.1.22 
2 -4.7509 
2 ■5:5.865 

69 0 

69 30 

70 0 

4 -47714 i 
4 -67372 

4 -88425 

:3 -60509 
2 -67462 
2 -74748 
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TABLE Vila. 


Tenuity coiTection r for Temperature and Pressure of Atmosphere 
two-thii'ds saturated with Moisture. 


(From the Eiw. F. Bashfortli’s paper, Froc. F.A.I., Vol. XIII, Xo. 10.) 


F. 

26in. 

27 m. 

28 in. 

29 in. 

30 in. 

31 in. 

+ 

F. 

26in. 

27in. 

28 in. 

29 ill. 

30 in. 

31 in. 

A 

-i- 

n 

■ftsa 

1-0-21 

1 -059 

1-097 

1*134 

1-172 

38 

Rfi 

•884 

919 

•953 

•987 

1-021 

1'055 

34 

1 

•081 

1-019 

1 056 

1 -OOl 

1-132 

1-170 


fil 

883 

■917 

•9.51 


1-019 

1 -033 

34 

2 

•sr /0 

1-017 

1 •1'54 

1 -092 

1-130 

1-167 

38 

52 

■831 

•915 

•949 


1-017 

1 ‘OOl 

84 

3 

•977 

1 -015 

I -052 

1-090 

1 -ri? 

1-165 

38 

Rfi 

•879 

•913 

•947 

•981 

1 -013 

1 -048 

34 

4 

•975 

1-012 

1 -050 

1 •087 

1 -125 

I -162 

38 

54 

■877 

•911 

•945 


1-012 

1 -046 

34 

b 

•973 

1-010 

1 -047 

1 -083 

1 -122 

1 -160 

37 

5b 

•875 

•909 

•943 

•976 

1-010 

1-044 

34 

R 

•971 

I -008 

1 -045 

1 -083 

1 -120 

1-157 

37 

Rfi 

•8(4 

•907 

■941 

•974 

1*008 

]>042 

84 

7 

•969 

1-OOC 

1 -043 

1-080 

1-118 

1 -165 

37 

R7 

•872 

•905 

•939 

•972 

1-006 

1-039 

34 

8 

•966 

1 -004 

1-041 

1-OTS 

1-115 

1 -152 

37 

5H 

•870 

■904 

•937 

•970 

1'004 

1-037 

34 

9 

•90-1 

I'OOl 

1 -oso 

1-076 

1-113 

1*150 

37 

59 

•868 

•902 

■935 

■968 

1*002 

1 -035 

33 

30 

•969 

•999 

1-036 

1-073 

1-110 

1 '147 


fiO 

•866 

•900 

•933 

•906 

I-OOO 

1-033 

33 

11 

•960 

•997 

1-034 

1-071 

1-108 

1 -145 

37 

61 

•865 

•898 

•931 

•964 

*998 

I'OSl 

33 

1« 

•958 

•995 

1 -032 

1 -069 

1 -105 

1 

37 

fi9 

•863 

•896 

•929 

•902 

•996 

I -029 

33 

33 

•956 

•993 

1 *029 

1 -066 

1-103 

1 -140 


fi3 

•SOI 

•894 

•9‘27 

•960 

•993 

1-027 

33 

14 

•954 

•991 

1 •027 

1 '064 

1-101 

1 -137 

37 

64 

•859 

•892 

•9‘25 

•958 

•991 

1 -024 

33 

35 

•9M 

•989 

1*025 

l-0()2 

1 -oos 

1-135 

37 

65 

•857 

•890 

•923 

•956 

•989 

1-022 

33 

IH 

•9S0 

•986 

1 -023 

I-06fl 

1 -(m 

1 -1.33 

37 

(iH 

•856 

•889 

•9-21 

•954 

•987 

1 -020 

33 

17 

•948 

.084 

I '021 

1 -057 

1-094 

1-130 

37 

67 

•854 

•887 

•919 

■952 

•985 

1-018 

33 

38 

•946 

•982 

1*019 

1 -055 

1-091 

1 -l-lfi 

36 

fiR 

•852 

•885 

•918 

•950 

•983 

I-016 

8.3 

39 

•944 

•080 

1017 

1-053 

1-089 

1-1 -25 

36 


•850 

•883 

•916 

•949 

•981 

1-014 

33 

20 

•949 

•978 

1-014 

1-051 

1-087 

1-123 

36 

70 

•849 

•881 

•014 

■046 

•979 

1 '012 

33 

71 

•940 

•976 

1 -012 

1-048 

ros4 

1-121 

36 

71 

•847 

•879 

•912 

•944 

•977 

1 '010 

33 

29 , 

•938 

•974 

1 -010 

1 -OIG 

1082 

1-118 


79 

•845 

•878 

•910 

•943 

•075 

1 -008 

33 

23 

•936 

•972 

1-008 

1 -044 

1-080 

1-116 

iiO 

73 

•843 

•876 

•908 

•041 

•973 

1 ‘006 

32 

24 

•9S4 

•970 

l-OOC 

1 -042 

1-078 

1-114 

36 

74 

•842 

•874 

•906 

•939 

•971 

roo4 

32 

25 

■93'.i 

•908 

1 -004 

1-039 

1 -075 

1-111 

36 

75 

•840 

•872 

•904 

•937 

•969 

rooi . 

82 

26 

•930 

i -966 

1 -001 

1-037 

1-073 

1 -109 

36 

76 

•838 

•870 

-902 

•935 

■967 

■999 

3'2 

27 

■928 

•964 

•99!) 

1 -035 

1-071 

1-106 

36 

77 

•836 

•868 

•901 

•933 

■965 

■997 « 

32 

28 

•926; 

•902 

•997 

1 -033 

1 -oog 

1-104 


78 

■834 

•867 

1 •899 

•931 

■963 

•995 

32 

29 

•924 

•960 

•995 

l*03li 

1-066 

1-102 

36 

79 

•833 

•805 

! -897 

•929 

•961 

•993 

32 

30 

•922 

•958 

•993 

1-028^ 

1-064 

1-099 

36 

80 

•831 

•863 

j‘S95 

1 -m 

•959 

•991 

.32 

31 

•920! 

•956 

•991 

1 -026 

1-062 

1-097 

35 

81 

•829 

'801 

■893 

1 •925 

•967 

•989 

32 

32 

•91S| 

•954 

•usu 

1 -O-ilj 

1 -059 

1-095 

35 

82 

•8‘27 

•859 

1 ■891 

1 -o-is 

•950 

•987 

32 

33 

•910 

•952 

•987 

1 •0-22| 

1-057 

1-093 

35 

S3 

•826 

•858 

•889 

1 "921 

•9,53 

' -oso 

32 

34 

•914 

•950 

•985 

1 *0201 

1 -055 

1-090 

36 

84 

•824 

•856 

1-887 

•919 

•901 

•983 ; 

32 

85 

•913 

•948 

•983 1 

1 -oisl 

1-053 

1-088 

35 

85 

•8‘22 

•854 

•8SS 

•917 

•949 

•980 

32 

86 

•911 

•946 

•981 

1-016 

1 -051 

1 -086 

35 

86 

•821 

•852 

•884 

“915 

•947 

•978 ■ 

32 

37 

•909 

•944 

•979 

1 -013 

1 -048 

1-083 

35 

87 

•819 

•850 

•882 

•913 

■946 

•976 

32 

38 

•907 

•942 

•977 

1-OlF 

1-046 

1-081 

35 

88 

•817 

1-848 

1-880 

•911 

•943 

•974 i 

31 

39 1 

•905 

•940 

•974 

1-009 

1*044 

I -070 

35 

89 

•815 

[•847 

•878 

•009 

•941 

•972 ^ 

31 

401 

•903' 

•938 

•973 

1-007 

1-042 

1'077 

35 

90 

•814 

•845 

”876 

•908 

•939 

•970 I 

31 

41 

'901' 

■936 

•971 

1-005 

1-040 

1-075 

35 

91 

•812 

•843 

;-874 

•905 

■937 

•968 

31 

42 

•899 

- -934 

•968 

1 -003 

1-038 

1-072 

35 

92 

•810 

•841 

•872 

•903 

•935 

■966 

31 

43 

•898 

•932 

■967 

1-001 

1-036 

1-070 

35 

93 

•808 

•839 

•870 

•902 

•933 

•964 

31 

44. 

•896^ 

•930 

•964 

0-999 

I -033 

1-068 

34 

94 

•806 

•837 

■868 

■900 

•931 

•962 

31 

45' 

•894 

•928 

•963 

0-997 

1-031 

1 -066 

34 

95 

•805 

•836 

•807 

•898 

•929 

•960 

31 

46 

•892 

•926 

•960 

0-995 

1-029 

1-063 

34 

96 

•803 

•834 

•865 

•896 

•926 

•957 

31 

47 

•890 

•924 

•958 ! 

0-993 

1-027 

1-061 

34 

97 

•SOI 

•832 

•863 

•893 

•924 

•905 

31 

48 

•888 

•923 

•957 : 

•991 

1 -025 

1*059 

34 

98 

•799 

•830 

•861 

•891 

•922 

■953 

31 

49 

■fiSG 

•920 

•955 

•989 

1 •023 

1-057 

34 

99 

•797 

•828 

•859 

•889 

•920 

•951 

31 

50 

•884 

•919 

•953 

•987. 

1-021 

|1 -055 

34 

100 

■796 

•826 

•857 

•88S 

•918 ' 

•949 

31 
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TABLE VIII. 


Ballistic Table for Spherical Shot. 



(Recalculated by Mr, Hadeocl;, late R.A., from Bashfortli’s data, and extended to 
low velocities.) 

For lower velocities this- table is provisional, pending tlie results of fiu-tlier 
experiments. 


r 

at 

T 

AS 

S 

AD 

D 

1;’8. 

300 

1 -2232 

0-0000 

366-91 

0-00 

7-5191 

• 

0-0000 

310 

1 -1505 

1 -2232 

356-67 

366-91 

6-8154 

7-5191 

320 

1 -OSiM 

2-3737 

S40-37 

723-58 

6-2387 

14 -3646 

330 

1-0217 

3-4561 

337-22 

1069-95 

5-7113 

20 -6032 

340 

0 ‘9047 

4 -4778 

328-0! 

1407-17 

5-2335 

20-3145 

350 

0-9137 

5 -44-25 

819-78 

173.5-18 

4-8148 

31 -5480 

360 

0-8653 

6-3562 

311-51 

•2054-96 

4-4,333 

36 -3628 

370 

0-8218 

7-2215 

304 -07 

2366 -47 

4 -0967 

40-7961 

380 

0-7805 

8-0433 

296 -60 

2670-54 

3-7884 

44-8928 

390 

0-7432 

8-82.38 

289 -84 

2967-14 

3-6147 

48-6812 

400 

0-7076 

9 -5670 

283 -05 

3256-98 

3-‘26'29 

52-1959 

410 

0-6733 

10-2746 

276 -88 

3540 03 

3-0380 

55 -4588 

420 

0 -6445 

10 -.0499 

270-69 

3816-91 

2-8303 

68-4968 

430 

0-6151 

11 -5944 

•264-51 

4087-60 

2-6385 

61 -3271 

440 

0-5763 

12-2095 

-253-59 

4352-11 

2-4159 

63-9658 

450 

0 -5508 

12-7858 

247-86 

4005-70 

2-2,575 

06-3816. 

460 

0-5265 

13-3366 

242 -20 

4853-50 

2-1111 

68 -6390 

470 

0-5035 

13-8631 

230-64 

5095-76 

1 -9758 

70-7501 

480 

0 -4816 

14 -3666 

231-13 

5332-40 

1 -8506 

72-7259 

490 

0 -4609 

14-8482 

225 -SI 

5.563-58 

I *7349 

74-576.5 

500 

0-4413 

15-3091 

220-63 

5789 --l-a 

1-6-277 

76-3114 

610 

0-4227 

15-7504 

215-55 

6010 -05 

1 -5285 

77 •9,391 

520 

0-4050 

16-1731 

210-61 

6225 -60 

1 -4366 

79-4676 

630 

0-388.3 

16-5781 

205-80 

6136-21 

1-3513 

80 -0042 

540 

0.S725 

16-9664 

•201 -14 

6642 -01 

1 -2722 

82-2555 

550 

0 -3576 

17-3389 

196-61 

6843-15 

1-1988 

83-6277 

560 

0-8429 

17 -OOOl 

182-01 

7039-76 

1-1293 

84 •7-266 

mo 

0 '8291 

18-0393 

187-57 

7231-77 

1 -0648 

86-8558 

580 

0-8187 

18-3084 

183-11 

7419-34 

1 •0039 

86 -9200 

590 

0'3028 

18 •0841 

178-64 

7602-45 

0-9465 

87 -9245 

600 

0'-2903 

18-9869 

171-10 

7781 -09 

0-8925 

! 88-8710 

610 

0-27811 

19 -2772 

169 -95 

7955-28 

0-8424 

89-7635 

620 

0-2673 

19 -51-158 

1-35 -7.5 

8126-23 

0 -7953 

j 90 -6059 

630 

0-2567 

19 -8231 

161 -74 

8290-93 

0-7al0 

; 91 -4012 

640 

0 -2467 

20-0798 

157-92 

8152-72 

0-7111 

1 92-15-28 

650 

0-2371 

20 -3206 

154-14 

8610-64 

0-6729 

92 -8639 

660 

0-2-281 

20-5636 

150 -53 

8764-78 

0-6374 

j 93-5308 

670 

0-2195 

20-7917 

147 *09 

8915 -31 

0-6044 

94-174-2 

680 

0-2113 

21 -0112 

143-80 

9062-40 

0-5736 

94-7786 

690 

0 -2038 

21-2227 

140-65 

9206-20 

0-5449 

95-3522 

700 

0-1966 

21-4265 

137-63 

9346-85 

0-5180 

95-8971 

710 

0-1898 

21-6-231 

134-73 

9484 -48 

0-4930 

96-4161 

720 

0-1832 

21-8129 

131-88 

9619-21 

0 -4692 

96-0081 

730 

0-1770 

21 -9961 

129-22 

9751-09 

0 -4472 

97 -3773 

740 

0-1711 

2-2-1731 

J-26-69 

9880-31 

0 -4264 

97-8245 

750 

0-1653 

■22-3442 

123-99 

10006 -90 

0-4066 

1 98 -2509 

760 

0-1600 

22 -5005 

121 -57 

10130-89 

0-3882 

1 98 -6575 

770 

0-1547 

2-2-6695 

119-12 

10-252 -46 

0-3706 

99 -0457 

780 

0-1496 

22-8242 

116-72 

10371-68 

0-3539 

99 -4163 

7GQ 

0 ■1447 

22-9738 

114-30 

10488-30 

0 -3378 

99-7702 

800 

0-1399 

23 -1185 

111-39 

10602-60 

0 -3225 

lOO-lOSO 

810 

0‘1352 

23-2584 

109-50 

10714-49 

0-3078 

100-4305 

820' 

0-1300 

24-3.936 

107-07 

10823-99 

0-2987 

100-7383 

830 

0-120] 

23-5242 

104-68 

X093I -06 

0-2803 

101-0820 
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Table VIII — contimied. 


Ballistic Table foi' Spherical Shot. 



AT 

T 

AS 

S 

AD 

D 

840 

0-1218 

23 -6503 

103-33 

11035-74 

0-2675 

101-3123 

850 

0-1177 

•23 -7721 

100-01 

11138-07 

0-2553 

101 -5798 

860 

0-1137 

23-8898 

97 -76 

11238-08 

0-2438 

101 -8351 

870 

0-1098 

■24-0035 

95 -53 

11335-84 

0"2328 

102-0789 

880 

0-1062 

24-1133 

93-44 

11431-37 

0-‘2225 

102 -311 7 

890 

0-1026 

24-2195 

91-35 

115-24-81 

0-2127 

102-5342 

900 

0-0993 

24-32-21 

89-33 

11616-10 

0 -2034 

102-7469 

1)10 

0-()959 

24-4214 

87 -S'i 

11705-49 

0-1945 

102 -9503 

1920 

0 -0928 

24-5173 

85-37 

11792-81 

0-1860 

103-1448 

930 

0-0898 

24-6101 

83-48 

11878-18 

0-1780 

103 -3308 

940 

0-0869 

•24-6999 

81-65 

11961-06 

0-1704 

103-5088 

950 

0 -0840 

24-7868 

79-83, 

12043-31 

0-1G31 

103 -6792 

960 

0-0813 

24-8708 

78-01 

r2123-i4 

0-1561 

103-84-23 

970 

0-0785 

24-9521 

70-19 

1-2201-15 

0-M93 

103 -9984 

980 

0-0759 

25-0306 

74-43 

1-2277-34 

0-14-29 

104-1477 

990 

0 -0734 

25-1005 

72-67 

12351-77 

0-1368 

104-2908 

1000 

0 -0709 

25-1799 

70-87 

124-24-44 

0-1307 

104-4274 

1010 

0'0G84 

25-2508 

69 -08 

12495-31 

0-1249 

104-6581 

1020 

0-0660 

25-3192 

67-31 

12564-39 

0-1193 

104-6830 

1030 

0 -0636 

25-3852 

65-50 

T2631 -70 

0-1140 

104-8023 

1040 

0-0614 

25-4488 

63-81 

12697 -25 

0-10b8 

104-9163 

1050 

0 -0591 

25-5102 

62-08 

12761 -06 

0-1039 

105-0251 

1060 

0 -0570 

25-5693 

60-42 

128-23 -14 

0-0992 

105-1290 

1070 

0 -0550 

25-0-263 

58-82 

1-2863-56 

0-0948 

105-2282 

1080 

0-0631 

25 -6813 

57 -31 

12942-38 

0 -0900 

106-3230 

1090 

0-0613 

25-7344 

55-89 

12999-69 

0-0868 

105-4136 

1100 

0-0496 

25 -7857 

54-59 

13055-58 

0-0832 

105 -5004 

1110 

0-0481 

25-8303 

53 -36 

13110-17 

0-0799 

105-5836 

1120 

0-0466 

25-8834 

52-21 

13163-53 

0-0768 

105-6635 

1130 j 

0-0453 ; 

25-9300 

51-16 

13-215-74 

0-0739 

105-7403 

1140 

0-0440 

25-9753 

60-16 

13266 -89 

0-0712 

105-8142 

1150 

0-0428 

26-0193 

49-23 

13317 -05 

0-0687 

105-8854 

1160 

0-0417 

26 -0621 

48-35 

13386 -28 

0-0663 

105-9541 

1170 

0 -0406 

26-1038 

47 -53 

13414-63 

0-0640 

106-0204 

1180 

0-0396 

26-1444 

46 -73 

13462-16 

0-0019 

106 -0844 

1190 

0-0386 

26-1840 

45 -97 

13508-89 

0 -0599 

106-1463 

1200 

0-0377 

26 •2-220 

45 -27 

13554-86 

0-0580 

106 -2002 

1210 

0-0369 

26 -‘2603 

44-61 

13600-13 

0 -0562 

106-2642 

1220 

0-0361 

26 -2972 

44-00 

13644-74 

0-0645 1 

106-3-204 

1230 

0 -0353 

26-3333 

43*43 

13688-74 

0-0529 

106-3749 

1240 

0-0346 


42-87 

13732-17 

0-0514 

106-4278 

1250 

0 -0339 

26-4032 

42-36 

13775-04 

0 -0600 

106-4792 

1260 

0-0332 

•26-4371 

41 -So 

1381 7 -40 

0 -0486 

106-5-292 

1270 

0-0326: 

26 -4703 

41 -39 

13859-25 

0-0473 

106-5778 

1280 

0 -0320 I 

26-5029 

40-94 

13900-64 

0-0461 

106 -6-251 

1290 

0-0314 

26-5349 

40-49 

13941 -58 

0-0449 

100-6712 

1300 

0-0308 

‘26-0663 

40-04 

13982-07 

0-0437 

100-71-il 

1310 

0 -0302 

-26-5971 

39-59 

14022-11 

0 •04‘25 

106-7593 

1320 

0-0297 

•26 -6273 

39-18 

14061 -70 

0*0415 

106-8023 

1330 

0 •0-291 

‘26-6570 


14100-88 

0 -0404 

106-8438 

1340 

0 -0286 

26 -6861 

38-33 

14139-63 

0 -0394 

106-8842 

1350 

0 -0281 

26-7147 

37 -92 

14177-96 

0 -0384 

106-9236 

1360 

0 -0276 

26 -7428 

37 -52 

14215-88 

0-0374 

1 106-9620 

1370 

0-0271 

26 -7704 

37-15 

14253-40 

0 -0365 

j 106-0994 

1380 

0-0-267 

•26 -7975 

36-80 

14290-65 

0 -0356 

1 107-0359 

1390 

0-0262 

‘26-8242 

36-45 

143-27 -35 

0-0348 

1 107-0715 

1400 

0-0258 

26 -8504 

36-11 

14363-80 

0 -0340 

1 107-1063 

1410 

0-0-254 

26 -8762 

35-77 

14399-91 

0 -0332 

1 107-1403 

1420 

0-0250 

26-9016 

35-48 

14435-68 

0-0324 

1 107-1735 

1430 

0-0246 

26 -9266 

35-16 

14471-16 

0 -0317 

' 107-2059 
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Table VIII — continued. 


Ballistic Table for Spherical Shot. 


V 

AT 

T 

AS 

S 

AD 

D 

f/s. 

1440 

0-0242 

26-9512 

34-85 ■ 

14506-32 

0-0310 

107-2376 

1450 

0-0238 

26-9754 

34-54 i 

14541-17 i 

0 -0303 

107 -2686 

1460 

0-0235 

26-9992 

.34-24 ; 

14575-71 1 

0-0296 

107-2989 

1470 

0 -0231 

27-0227 

33-98 

14609-95 1 

0 -0290 

107 -3285 

1480 

0-0-228 

27-0438 


14643-93 

0 -0284 

107 -3576 

1490 

0 -0224 

27 -0686 

33-41 ; 

14677 -63 

0-0278 

107 -3859 

1500 

0-0-221 

27-0910 

33-14 ; 

14711-03 

0 -0272 

107 -4137 

1510 

0-0-218 

27-1131 

33-85 

14744-17 

0 -0266 

107 -440# 

1520 

0*0214 

27 -1349 

32-59 j 

14777-02 

0 -0260 

107-4076 

1530 

0-0211 

27-1563 

3-2 -34 ; 

14809 -61 

0 -0255 

107-4935 

1540 

0-0208 

27-1774 

32-06 : 

14841 -95 

0 -0249 

107-5190 

1550 

0-0205 

27-1982 

31-82 ; 

14874-01 

0 -0244 

107 -8439 

1560 

0-0202 

27-2187 

31-58 I 

14905-83 

0 -0239 

107 -5683 

1570 

0-0200 

27-2389 

31-33 1 

14937 -41 

0 -0234 

107 -5922 

1580 

0-0197 

27-2589 

31-10 : 

14968 -74 

0-0230 

107 -6156 

1590 

0-0194 

27-2786 

30-86 

14999 -84 

0 -0-225 

107-0386 

1600 

0-0191 

27 -2980 

30-64 

16030-70 

0 -0221 

107 -0611 

1610 

0-0189 

27 *3171 

30-42 

16061 -34 

0-0216 

107 '6832 

1620 

n-0186 

27 -3360 

30-19 

15091 -76 

0 -0212 

107 -7048 

1630 

0-0184 

27 -3546 

29 -99 

15121-95 

0-0208 

107 -7260 

1640 

0*0182 

27 *3730 

29-79 

15151 -94 

0-0204 

107 -7468 

1650 

0-0179 

27 -3912 

29 -60 

15181-73 

0-0201 

107 -7072 

1660 

i 0-0177 

! 27 -4091 

29 -38 ! 

15211 -.33 

0 -0197 

107 -7873 

1670 1 

0-0175 

27 -4268 

29-20 ! 

15240-71 

0-0193 

107 *8070 

1680 

0-0173 

27 -4443 

29-02 

15269-91 

0-0190 

107 -8263 

1690 

0-0171 

27 -4616 

28-84 

15298-93 

0-0186 

107 -8451! 

1700 

0-0168 

27-4787 

28-64 

15327-77 

0*0188 

107 -8639 

1710 

0-0167 

1 27*4955 

28-47 

i 15366-41 

0-0180 

107 -88-22 

1720 

0-0165 

1 27-5122 

28-31 

; 15384-88 

0-0176 

107 -9002 

1730 

0 -0163 

i 27 -5287 

28-13 

' 15413-19 

0 -0173 

107 -9178 

1740 

0-0161 

1 27-5450 

27 *97 

i 15441-32 

0-0170 

1 107-0351 

1750 

0-0159 

27 -5611 

! 27 -81 

15469-29 

0-0168 

107-9521 

1760 

0-0157 

1 27 -5770 

1 -27-64 

: 16497-10 

0-0165 

j 107-9689 

1770 

0-0155 

27 -5927 

27 -40 

; 15524-74 

0-0162 

107-9864 

1780 

0-0164 


27 -33 

; 15552-23 

0-0159 

108-0016 

1790 

0-0152 

27 -6230 

1 -27-16 

1 15579-56 

0-0166 

1 108-0175 

1800 

0-0150 

‘27 -6388 

1 27 -03 

15608 -72 

0 -0164 

108 -0331 

1810 

0 -0148 

27 -6538 

1 ‘26 -87 

18633-75 

0-0161 

, 108-0485 

1820 

1 0-0147 

27-6686 

1 26-72 

15660-62 

0 -0149 

108-0636 

1830 

0 -0145 

27 -688.3 

I 26 -54 

16687-34 

0-0146 

108-0785 

1840 

1 0-0143 

27 -6978 

1 26 -40 

15713-88 

0-0144 

108-0931 

1850 

■ 0-0142 

27 -7121 

i 26 -25 

15740-28 

0-0141 

: 108-1075 

1800 

i 0*0140 

1 27 -7263 

i 26-09 

16760 -58 

0-0139 

: lOS-1216 

1870 

0-0139 

i 27 -7403 

i 25-93 

15792-62 

0-0137 

108-1355 

1880 

! 0*0137 

1 ‘27 -7542 

1 25-79 

15818-55 

0-0135 

108-1492 

18 SO 

0-0136 

! 27-7679 

; 25-64 

15844-34 

0-0132 

: 108-1627 

1900 

0-0134 

1 27 -7815 

25-48 

15869-98 

0 -0130 

; 108-1759 
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TABLE IX. 


BALLISTIC TABLE 

for Plat-Headed Projectiles, 


The laws upon which the S Table for flat-headed projectiles has been constructed are 
deduced from experiments carried out at Shoeburyness in 1904-6, and are as follows : — 

5000 f/s > V > 1556 i/s, 

Cr = [6 4683473 - 10] 

1556 f/s > >1130 f/s, 

Or = [3-2763377 - 10] 

1130 f/s > r > 1000 f/s, 

Or = [0-2232593-10]#. 

1000 f/s >v> 800 f/s, 

Cr = [3-2232593-10] vA 

800 f/s > r > 0 f/s. 

Or == [6- 1263493 -10]#. 

In the above equations, Or = pg = K • The figures in the brackets are the 

logarithms of the coefficients of r. 


Table IX — wntinued. 

C [S (V) - S (y)] (for flat-headed projectiles). 
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Table IX — continued, 

- G [vS (Y) - S (y)] (for flat-headed projectiles). 
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^ C [S (V) - S ('<!)] (for fi;tt-hea<led projectiles). 
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C [S (Y) - S 0;)] (for jaat-headed projectiles). 
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Table IX — ctyntlmed. 

= e [S (V) - S (?;)] (for flat-headed projectiles). 
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TABLE X. 


Four Figure Logarithms. 


No. 

0 



3 





8 

9 

rourbli Figm*e. 

1 

2 

4 

5 

6 

7 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

0000 

0043 

0080 0128 

0170 

0212 

0253 

0294 

0334 

0374 

4 

s 

12 

17 

21 

25 

29 

33 

34 

11 

0414 

0153 

0492 10.531 

0560 

0607 

0643 

0682 

0719 

0755 

4 

8 

11 

15 

19 

23 

26 

30 

37 

12 

0792 

082S 

0864 

0899 

0934 

0969 

1004 

1038 

1072 

1106 

.1 


10 

14 

17 

21 

21 

28 

31 

13 

1139 

1173 

1206 

1239 

1271 

1303 

1335 

1367 

1399 

1430 

3 

(. 

10 

13 

16 

19 

23 

26 

29 

14 

1401 

1402 

1523 

1553 

15S4 

1614 

1644 

1673 

1703 

1712 

3 

6 

9 

12 

15 

18 

21 

24 

27 

15 

1761 

1790 

1818 

1847 

1875 

1903 

1931 

1959 

1987 

2014 

3 

6 

S 

11 

14;17 

20 

22 

25 

16 

2041 

2068 

2095 

2122 

2148 

2175 

2201 

2227 

2253 

2279 

3 

5 

8 

11 

13il6 

18 

21 

24 

17 

2304 

2330 


2380 

2405 

2430 

2455 

2480 

2504 

2529 

2 

5 

7 

10 

1215 

17 

20 

23 

18 

2553 

2577 

2601 

2625 

2648 

2672 

2695 

2718 

2742 

2765 

2 

b 

7 

9 

1214 

16 

19 

21 

19 

27SS 

2810 

2833 

2856 

2878 

2900 

2923 

2945 

2967 

2989 

2 

4 

7 

9 

1143 

16 

18 

20 

20 

3010 

3032 

3054 

3075 

3096 

3118 

3139 

3160 

3181 

3201 

2 

4 

6 

8 

1113 

15 

17 

19 

21 

3222 

3243 

3263 

3284 

8304 

3324 

3345 

3365 

3385 

3404. 

2 

4 

6 

s 

1012 

14 

16 

18 

22 

3424 

3444 

3464 

3483 

3502 

3522 

3541 

3560 

3579 

3598 

2 

4 

6 

2 

1012 

14 

15 

17 

23 

3617 

3636 

3655 

3674 

3692 

3711 

3729 

3747 

3766 

3784 

2 

4 

6 

7 

9|ll 

13 

15 

17 

24 

3802 

3820 

3838 

3856 

3874 

3892 

3909 

3927 

3945 

3962 

2 

4 

5 


9,11 

12 

14 

16 

25 

3979 

.3997 

4014 

4031 

4048 

4065 

4082 

4099 

4116 

4133 

2 

3 

5 

7 

9!l0 

12 

14 

15 

26 

4160 

4166 

4183 

4200 

4216 

4232 

4249 

4265 

4281 

4298 

2 

3 

6 

7 

SIO 

11 

13 

15 

27 

4314 

4.330 

4346 

4362 

4378 

4393 

4409 

4425 

4440 

4456 

2 

3 

5 

6 

8 

9 

11 

13 

14 

28 

4472 

4487 

4502 

4518 

4533 

4548 

4564 

4579 

4594 

4609 

2 

3 

5 

6 

8 

9 

11 

12 

14 

, 29 

4624 

4639 

4654 

4669 

4683 

4698 

4713 

4723 

4742 

4757 

1 

3 

4 

6 

7 

9 

10 

12 

13 

30 

4771 

4786 

4800 

4814 

4829 

4843 

4857 

4871 

4886 

4900 

1 

3 

4 

6 


9 

10 

11 

13 

31 

4914 

4928 

4942 

4955 

4969 

4983 

4997 

5011 

5024 

503B 

1 

3 

4 

G 

7 

8 

10 

11 

12 

32 

io051 

5065 

5079 

5002 

5105 

5119 

5132 

5145 

5159 

5172 

1 

3 

4 

5 

7 

8 

9 

11 

12 

33 

|5185 

6198 

5211 

5224 

5237 

5250 

5263 

5276 

5289 

5302 

1 

S 

4 

5 

6 

8 

9 

10 

12 

34 

5315 

5328 

5340 

5353 

5366 

5378 

5391 

5403 

5416 

5428 

! 1 

3 

4 

5 

6 

8 

9 

10 

11 

35 

5441 . 

5453 

5485 

5478 

5490 

6502 

5514 

5527 

5539 

5551 

' 1: 

2 

4 

5 

6 

7 

9 

10 

11 

36 

5363 

5575 

5687 

5599 

5611 

5623 

5635 

5647 

5658 

5670 

; 1; 

2 

4 

5 

6 

7 

8 

10 

11 

37 

5682 

5694 

5705 

5717 

5729 

5740 

5752 

5763 

5775 

5786 

: 1 

2 

3 

5 

6 

7 

8 

9 

10 

38 

5798 

5809 

5821 

5832 

5843 

5855 

5866 

5877 

5888 

5899 

i 1 

2 

3 

5 

6 

7 

8 

9* 

10 

39 

5911 

5922 

5983 

5944 

5955 

5966 

5977 

5988 

5999 

6010 

! ^ 

2 

3 

4 

6 

7 

8 

9 

10 

40 

6021 

6031 

6042 

|6053 

6064 

6075 

6085 

6096 

6107 

6117 

i 1 

2 

3 

4 

5 

6 

7 

9 

10 

41 

612wS 

6138 

6149 

16160 

6170 

6180 

6191 

6201 

6212 

6222 

1 1 

2 

3 

4 

5 

6 

7 

8 

9 

42 

6232 

6243 

6253 

■6263 

6274 

6284 . 

6294 

6304 

6314 

6325 

P 

2| 

3 

4; 


6 

7 

8i 

9 

43 

6335 

6345 

6355 

6365 

6375 

6385 

6395 

6405 

6415 

6425 

1 1 

2 

3 

4. 

5 

6 

7 

''8‘ 

9 

44 

6435 

6444' 

6454 

6464 

6474 

6484 

6493 

6503 

6513 

6522 

1 1 

2; 

3 

4 

5 

6 

7 

8 

9 

45 

6532 

6542 

6551 

6561 

6571 

6580 

6590 

6599 

6609 

6618 

1 

2! 

3 

4 

5 

6 

7 

8 

9 

46 

6628 

6637 

6646 

6656 

6665 

6675 

6684 

6693 

6702 

6712 

1 

2 

3 

4 

5 

6 

7 

7 

8 

47 

6721 

6730 

6739 

6749 

6758 

6767 

6776 

6785 

6794 

6803 

1 

2 

3 

4 

5 

5 

6 

7 

8 

48 

6812 

6821 

6830 

6839 

6848 

6857 

6866 

6875 

6884 

6893 

1 

2 

3 

4- 

4 

5 

6 

7 

8 

49 

6902 

6911 

6920 

6928 

6937 

6946 

6955 

6964 

6972 

6981 

1 

2 

3 

4 

4 

5 

6 

7 

8 

50 

6990 

6998 

7007 

7016 

7024 

7033 

7042 

7050 

7059 

7067 

1 

2 

3 

3 

4 

5 

6 

7 

8 

51 

7076 

7084 

7093 

7101 

7110 

: 7118 

7126 

7135 

7143 

7152 

i; 

2 

3 

3 

4 

5 

6 

7 

8 

52 

7160 

7168 

7177 

7185 

7193 

: 7202 

7210 

7218 

7226 

7235 

1 

2 

2 

3 

4 

5 

. 6 

7 

7 

53 , 

7243 

7251, 

7259 

7267 j 

7275 

^ 72841 

7292 . 

7300 

7308 

7316 

1 

2 

2 

3 

4 

5 

6 

6 

7 

64 

7324 

7332 

7340 

7348 

7356 

7364 j 

7372 

. 

73S0 

7388 

7396 

1 

2 

2 

3 

4 

■'5 


(m 

7 
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Table X — continued . 


Four Figure Logarithms. 


Jfo. 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

! Pouvtli Figure. 

1 

2 

3 

4: 

5 

6 

7 

8 

9 

55 

7404 

7412 

7419 

7427 

7435 

7443 

7451 

7459 

7466 

7474 

1 

2 

2 

3 

4 

5 


6 

7 

56 

7482 

7490 

7497 

7503 

7513 

7520 

7528 

7536 

7343 

7ool 

1 

2 

2 

3 

4 

5 

5 

6 

7 

57 

7559 

7566 

7574 

7582 

7589 

7597 

7604 

7612 

7619 

7627 

1 


2 

8 

4 



6 

7 

58 

7634 

7642 

7649 

7657 

7664 

7672 

7679 

7686 

7694 

7701 

1 

1 

2 

3 

4 

4 

5 

6 

7 

5fi 

7709 

7716 

7723 

7731 

7738 

7745 

7752 

7760 

7767 

7771 

1 

1 

2 

3 

4 

4 

5 

6 

7 

60 

7782 

?7S9 

7796 

7803 

7810 

7818 

7825 

7832 

7839 

7846 

1 

1 

2 

3 

4 

4 

5 

6 

6 

61 

7853 

7860 

7868 

7875 

7882 

7889 

7896 

7903 

7910 

7117 

1 

1 

2 

3 

4 

4 

5 

6 

6 

62 

7924 

7931 

7938 

794.5 

7952 

7959 

7966 

7973 

7980 

7987 

1 1 

i 

2 

3 

3 

4 

5 

6 

6 

63 

7993 

8000 

8007 

8014 

8021 

8028 

8035 

8041 

8048 

8055 

! 1 

1 

2 

3 

3 

4 

5 

5 

6 

64 

8062 

8069 

8075 

8082 

8089 

8096 

8102 

8109 

8116 

8122 

i 1 

1 

2 

8 

3 

4 

5 

5 

6 

65 

8129 

8136 

8142 

8149 

8156 

8163 

8169 

8176 

8182 

8189 

; 1 

1 

2 

3 

3 

4 

5 

5 

6 

66 

8195 

8202 

8209 

8215 

8322 

8228 

8235 

8241 

8248 

8254 

; 1 

1 

2 

3 

3 

4 


5 

6 

67 

8261 

8267 

8274 

8280 

8287 

8293 

8299 

8306 

8312* 

8310 

i 1 

1 

2 

3 

3 

4 

5 

5 

6 

68 

8325 

8331 

8338 

8344 

8351 

8357 

8363 

8370 

8376 

8382 

I 1 

1 

2 

3 

8 

4 

4 

5 

6 

69 

8388 

8393 

8401 

8407 

8414 

8420 

8426 

8432 

8439 

844^3 

1 

1 

2 

3 

3 

4 

4 

6 

6 

70 

8451 

8457 

8463 

8470 

8476 

8482 

8488 

8494 

8300 

8506 

1 

1 

2 

2 

3 

4 

4 

5 

6 

71 

8513 

8519 

8523 

8531 

8537 

8543 

8549 

8555 

8561 

8567 

1 

1 

2 

2 

3 

4 

4 

5 

5 

72 

8578 

8579 

8585 

8591 

8597 

8603 

8609 

8615 

8621 

8627 

1 

1 

2 

2 

3 

4 

4 

5 


73 

8633 

8639 

8643 

8651 

8657 

8663 

8669 

8675 

8681 

8686 

1 

1 

2 

2 

3 

4 

4 

5 

5 

74 

8692 

8698 

8704 

8710 

8716 

8722 

8727 

8733 

8739 

8745 

1 

1 

2 

2 

3 

4 

4 

5 

5 

75 

8751 

8758 

8763 

8768 

8774 

8779 

8785 

8791 

8797 

8802 

1 

1 

2 

2 

3 

3 

4 

5 

5 

76 

8B08 

8814 

8820 

8826 

8831 

8837 

8842 1 

8848 

8834 

8859 

1 

1 

2 

2 

3 

3 

4 

6 

5 

77 

8865 

8871 

8876 

8882 

8887 

8893 

8899 

8904 

8910 : 

8915 

1 

1 

2 

2 

3 

3 

4 

4 

5 

78 

i8921 

8927 

8932 

8938 

8943 

8949 

8954 

8960 

8965 

8971 

1 

1 

2 

2 

3 

3 

4 

4 

5 

79 

8976 

8982 

8987 

8993 

8998 

9004 

9009 

9015 

9020 ' 

9025 

1 

1 ! 

2 

2 

3 

3 

4 

4 

6 

80 

9031 

9036 

9042 

9047 

9053 

9058 

9063 

9069 

9074 

9079 

1 

1 

2 

2 

3 

3 

4^ 

4 

5 

81 

9085 

9090j 

9096 

9101 

9106 

9112 ! 

9117 

9122 

9128 

9133 

1 

1 

2 

2 

3 

3 

4j 

4 

5 

82 

9138 

9143' 

1 9149 

9154 

9159 

9165 

9170 

9175 

9180 

9186 

1' 1 


2 


3 

4 

4 

5 

83 

9191 

9196: 

9201 

9206 

9212 

9217 

9222 

9227 

9232 

9238 

11 

1 2 

2! 

'3 

3 , 

4 

4 

1 5 

84 

9243 ; 

9248 

9253 

9258 

9263 

9269 

9274 

9279 

9284 

0289 

11 

2 

2 


3 

4 

4 

i 0 

85 

9294 

9299 

' 9304 

9309 

9315 

9320 

9323 

9330 

j 9335 

I934O i 

11 

2 

2 

3 


4 

4. 

^ 5 

86 

9345 

9350 

9355 

9360 

9365 

9370 

9375 

9380 

i.9885 

I93OO 

11 

2 

■2 

3 

3 1 

4, 

4 

5 

87 

9395 

9400 

9405 

9410 

9415 

9420 

9425 

9430 

9435 

9440 j 

oil 

1 

2 

2 

3 ' 

1 

3' 

4 

4 

88 

9445 

9450 

9455 

9460 

9465 

9469 

9474 

9479 

9484-, 

0480 1 

0| 1 

1 

■2 

2 

3 1 

3 

4 

4 

89 

9494 

94991 

9504 

9509 

9513 

9518 

9523 

9528 

, 9533 

0538 j 

o;i 

1 

2 

2! 

3 

3 

41 

4 

90 

9542 

9547 

9552 

9557 

9562 

9366 

9571 

9576 

9581 

9386 

0 1 

1 

2 

2 

3 

8 

4 

4 

91 

9590 

9595 

9600 

9605 

9609 

9614 

9619 

9624 

9628 

9633 

0 1 

1 

2 

2 

3 

3 

4 

4 

92 

9643 

9647 

9652 

9637 

9661 

9666 

9671 

9675 

9680 1 

0 1 

1 

2 

2 

3 

3 

4 

4 

93 'SfiSo 

968')| 

9694 

9699 

9703 

9708 

9713 

9717 

9722 

9727 i 

o|i 

1 

2 

2 

3 

3 

4 

4 

94 

9731 

9736 

9741 

9745 

9760 

9754 

9759 

9763 

9768 

9773 j 

o'l 

1 

2 

2 

3 

3 

4 

4 

95 

9777 

9782 

9786 ; 

9791 

9795 

9800 

9805 

9809 

9814 

9818 1 

0! 1 

1 

2 

2 

3 

3 

4 

4 

96 i0823 

9827 

9832 

9836 

9841 

9845 

9850 

9854 

9859 

9883 1 

Ojl 

1 

2 

2 

3 

3 

4 

4 

97 9868 

9872 

9877 

9881 

9886 

9890 

9894 

9899 

9903 

9908 ! 

oil' 

1 

2 

2 

3 

3 ; 

4 

4 

98 ;9012 

9917! 

9921 

9926 

9930 

9934 

9939 

9943 

9948 

9952 j 


1 

2 

2 

3 



4 

99 

9956 

9961j 

9963 

9969 

9975 

00 

1 

9983 

9987 

9991 

9996 


1 

-1 

2 

2 

3 

1 

3! 


4 
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TABLE XI. 


Anti-logarithms or Numbers to Logarithms. 





22-2 


Table XI^ — continued. 


Anti-logaritlims or Numbers to Logarithms. 
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TABLE XII. 


Natural Sines. 



O' 

10' 

20' 

30' 

40' 

50' 

1 

2 

3 

4 

5 

6 

J 

8 

9 

0° 

0000 

0029 

0058 

0087 

0116 

0145 

3 

6 

9 

12 

15 

17 

20 

23 

26 

1 

0175 

0204 

0233 

0262 

0291 

0320 

3 

6 

9 

12 

15 

17 

20 

23 

26 

2 

0349 

0378 

0407 

0436 

0465 

0494 

3 

6 

9 

12 

15 

17 

20 

23 

26 

3 

0523 

0552 

0581 

0610 

0640 

0669 

3 

6 

9 

12 

35 

17. 

20 

23 

26 

4, 

0698 

0727 

0756 

0785 

0814 

0843 

3 

6 

9 

12 

15 

17 

20 

23 

26 

5 

0872 

0901 

0929 

0958 

0987 

1016 

3 

6 

9 

12 

14 

17 

20 

23 

26 

6 

1045 

1074 

1103 

1132 

1161 

1190 

3 

6 

9 

12 

14 

17 

20 

23 

26 

r 

1219 

1248 

1276 

1305 

1334 

1363 

3 

6 

9 

12 

14 

17 

20 

23 

26 

8 

1392 

1421 

1449 

1478 

1507 

1536 

3 

6 

9 

12 

14 

17 

20 

23 

26 

9 

1564 

1593 

1622 

1650 

1679 

1708 

3 

6 

9 

12 

14 

17 

20 

23 

26 

10 

1736 

1765 

1794 

1822 

3851 

1880 

3 

6 

9 

12 

14 

17. 

20 

23 

26 

11 

1908 

1937 

1965 

1994 

2022 

2051 

3 

6 

9 

11 

14 

17 

20 

23 

26 

12 

2079 

2108 

2136 

2164 

2193 

2221 

3 

6 

9 

11 

14 

17 

20 

23 

26 , 

13 

2250 

2278 

2306 

2334 

2363 

2391 

3 

6 

8 

11 

14 

17 

20 

23 

25 

14 

2419 

2447 

2476 

2504 

2532 

2560 

3 

6 

8 

11 

14 

17 

20 

23 

25 

15 

2588 

2616 

2644 

2672 

2700 

2728 

3 

6 

S 

11 

14 

17 

20 

22 

25 

16 

2756 

2784 

2812 

2840 

2868 

2896 

3 

6 

8 

11 

14 

17 

20 

22 

25 

17 

2924 

2952 

2979 

3007 

3035 

3062 

3 

6 

8 

11 

14 

17 

19 

22 

25 

18 

3090 

3118 

3145 

3173 

3201 

8228 

3 

6 

8 i 

11 

14 

17 

19 

22 

25 

39 

3256 

3283 

3311 

3338 

3365 

3393 1 

3 

5 

8 

11 

14 

16 

19 

22 

25 

20 

3420 

3448 

3475 

3502 

3529 

3557 

3 

5 

8 I 

11 

14 

16 

19 

22 

25 

21 

3581. 

3611 

3638 

3665 

3692 

3719 

3 

5 

8 

11 

14 

16 

19 

22 

24 

22 

3746 

3773 

3800 

8827 

3854 

3881 

3 

0 

8 I 

11 

14 

16 

19 

21 

24 

23 

3907 

i 3934 

3961 

3987 

4014 

4041 

3 

6 

8 ! 

11 

14 

16 

19 

21 

24 

24. 

4067 

i 4094 

4120 

4147 

4173 

4200 

3 

6 

8 

11 

13 

16 

19 

21 

24 

25 

4226 

4253 

4279 

4305 

4331 

4358 

3 

5 

8 

^ 11 

13 

16 

18 

21 

24 

26 

4384 

4410 

4436 

4462 

4488 

4514 

3 

5 

8 

10 

13 

16 

IS 

21 

23 

27 

45J0 

4566 

4592 

4617 

4643 

4669 

3 

5 

S 

10 

13 

36 

18 

21 

23 

28 

4695 

4720 

4748 

4772 

4797 

4823 

3 

5 

8 

10 

13 

15 

18 

20 

23 

29 

4848 

4874 

4899 

4924 

4950 

4975 

3 

5 

8 

10 

13 

15 

38 

20 

23 

30 

r5000 

5025 

5050 

5075 

5100 

5125 

3 

5 

8 

10 

13 

15 

18 

20 

23 

31 

5150 

5175 

5200 

5225 

5250 

5275 

2 

5 

7 

10 

12 

15 

17 

20 

22 

32 

5299 

5324 

5348 

5373 

5398 

5422 

2 

5 

7 

10 

12 

.15 

17 

20 

22 

S3 

5446 

5471 : ; 

5495 

5519 

! 5544 

5568 

2 

5 

7 

10 

12 

15 

17 

19 

22 

. 84. . 

5502 

5616 

5040 

5664 

5688 

5712 

2 

5 

7 

10 

12 

14 

17 

19 

22 

35 

5736 

6760 

5788 

5807 

5831 

6854 

2 

5 

7 

10 

12 

14 

17 

19 

21 

36 

5878 

5901 

5925 

5948 

5972 

5995 

2 

5 

7 

9 

12 

14 

1C 

19 

21 

■ 'ST 

6018 

6041 

6065 

6088 

6111 

6134 

2 

5 

7 

9 

12 

14 

16 

18 

21 

38 

6157 

1 6180 

6202 

6225 

6248 

6271 

2 

5 

7 

9 

11 

14 

16 

18 

20 

39 

6293 

i 6316 

6338 

6361 

6383 

6406 

2 

4 

7 

9 

11 

13 

16 

IS 

20 

■ ^ 40 . 1 

6428 

6450 

6472 

6494 

6517 

6539 

2 

4 

7 

9 

11 

13 

15 

18 

20 

■■'"■^41 ^ 

6561 

6583 1 

6604 

6626 

6648 

6670 

2 

4 

7 

9 

11 

13 

15 

17 

20 

42'. 

669 L 

6713 ! 

6734 

6756 

6777 

6799 

2 

4 

6 

9 

11 

13 

15 

17 

19 

43 

6820 

6841 : 

6862 

6884 

6905 

6926 

2 

4 

6 

8 

11 

13 

15 

17 

19 

; 44: 

6947 

! 6967 

6988 

7009 

7030 

7050 

2 

4 

6 

8 

10 

12 

15 

17 

19 
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Table XII — continued. 


Natural Sines. 



0 ' 

10 ' 

20 ' 

30 ' 

40 ' 

50 ' 

1 

2 

3 

4 

5 

6 

7 

8 9 

45 “ 

7071 

7092 

7112 

7133 

7153 

7173 

2 

4 

6 

8 10 12 

14 16 18 

46 

7193 

7214 

7234 

7254 

7274 ; 

7294 

2 

4 

6 

8 10 12 

14 16 18 

47 

7314 

7333 

7353 

7373 

7392 

7412 

2 

4 

6 

8 10 12 

14 16 18 

48 

7431 

7451 

7470 

7490 

7509 

7528 

2 

4 

6 

8 10 12 

13 15 17 

49 

7547 

7566 

7585 

7604 

7623 

7642 

2 

4 

6 

8 

9 11 

13 

15 17 

50 

766 (f 

7679 

7698 

7716 

7735 

7753 

2 

4 

6 

7 

9 11 

13 15 17 

51 

7771 

7790 

7808 

7826 

7844 

7862 

2 

4 

5 

7 

9 

11 

13 

14 16 

52 

7880 

7898 

7916 

7934 

7951 

7969 

2 

4 

5 

7 

9 11 

12 14 16 

53 

7986 

8004 

8021 

8039 

8056 

8073 

2 

3 

5 

7 

9 10 

12 14 16 

54 

8090 

8107 

8124 

8141 

8158 

8175 

2 

3 

5 

7 

8 10 

12 14 15 

55 

8192 

8208 

8225 

8241 

8258 

8274 

2 

3 

5 

7 

8 

10 

12 13 15 

56 

8290 

8307 

8323 

8339 

8355 

8371 

2 

3 

5 

6 

8 

10 

11 13 14 

57 

8387 

8403 

8418 

8434 

8450 

8465 

2 

3 

5 

6 

8 

9 

11 12 14 

58 

8480 

8496 

8511 

8526 

8542 

8557 

2 

3 

5 

6 

8 

9 

11 

12 14 

69 

8572 

8587 

8601 

8616 

8631 

8646 

1 

3 

4 

6 

7 

9 

10 12 13 

60 

8660 

8675 

8689 

8704 

8718 

8732 

1 

3 

4 

6 

7 

9 

10 11 13 

61 

8746 

8760 

8774 

8788 

8802 

8816 

1 

3 

4 

6 

7 

8 

10 11 12 

62 

8829 

8843 

8857 

8870 

8884 

8897 

1 

3 

4 

5 

7 

8 

9 11 12 

63 

8910 

8923 

8936 

8949 

8962 

8975 

1 

3 

4 

5 

6 

8 

9 10 12 

64 

8988 

9001 

9013 

9026 

9038 

9051 

1 

3 

4 

5 

6 

8 


10 11 

65 

9063 

9075 

9088 

9100 

9112 

9124 

1 

2 

4 

5 

6 

7 

8 10 11 

66 

9135 

9147 

9159 

9171 

9182 

9194 

1 

2 

3 

5 

6 

7 

8 

9 10 

67 

9205 

9216 

9228 

9239 

9250 

9261 

1 

2 

3 

4 

6 

7 

8 

9 10 

68 

9272 

9283 

9293 

9301 . 

9315 

9325 

1 

2 

3 

4 

5 

6 

7 

9 10 

69 

9336 

9346 

9866 

9367 

9377 

9387 

1 

2 

3 

4 

5 

6 

7 

8 9 

70 

9397 

9407 

9417 

9426 

9436 

9446 

1 

2 

3 

4 

5 

6 

7 

8 9 

71 

9455 

9465 

9474 

9483 

9492 

9502 

1 

2 

3 

4 

5 

6 

6 

7 8 

72 

9511 

9520 

9528 

9537 

9546 

9555 

1 

2 

3 

4 

4 

5 

6 

7 8 

73 

9563 

9572 

9580 

9588 

9596 

9605 

1 

2 

2 

3 

4 

5 

6 

7 7 

74 

9613 

9621 

9628 

9636 

9644 

9652 

1 

2 

2 

3 

4 

5 

5 

6 7 

75 

9659 

9667 

9674 

9681 

9689 

9696 

1 

1 

2 

3 

4 

4 

5 

6 7 

76 

9708 

9710 

9717 

9724 

9730 

9737 

1 

1 

2 

3 

3 

4 

5 

5 6 

77 

9744 

9750 

9757 

9763 

9769 

9775 

1 

1 

2 

3 

3 

4 

4 

5 6 

78 

9781 

9787 

9793 

9799 

9805 

9811 

1 

1 

2 

1 2 

3 

3 

4 

5 5 

79 

9816 

9822 

9827 

9833 

9888 

9843 

1 

1 

2 

1 ^ 

3 

3 

4 

4 5 

80 

9848 

' 9853 

9858 

9863 

9868 

9872 

0 

1 

1 

1 2 

2 

3 

3 

4 4 

81 

9877 

9881 

9886 

9890 

9894 

9899 

0 

1 

1 

2 

2 

3 

3 

3 4 

82 

9903 1 

9907 : 

9911 

9914 

9918 

9922 

0 

1 

1 

2 

2 

2 1 

3 

8 3 

83 

9925 1 

9929 

9932 

9936 

9939 

9942 

0 

1 

1 

1 

2 

'2 

8 

3 3 

84 

9945 1 

9948 

9951 

9954 

9957 

9959 

0 

1 

1 

1 

1 

2 

2 

2 2 

85 

9962 ! 

9964 

9967 

9969 

9971 

9974 

0 

0 

1 

1 

1 

1 

2 

2 2 

86 

9976 ’ 

9978 

9980 

9981 

9983 

9985 

0 

0 

1 

1 

1 

1 

1 

1 2 

87 

9986 , 

9988 

9989 

9990 

9992 

9993 

0 

0 

0 

1 

1 

1 

1 

1 1 

88 

9994 

9995 

9996 

9997 

9997 

9998 

0 

0 

0 

0 

0 

0 

1 

1 1 

89 

9998 

i 9999 

; 9999 

1 -0000 

1 -0000 

1 -0000 

0 

0 

0 

0 

0 

0 

0 

0 0 
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TABLE XIII. 


Natural Cosines, 


Deg. 

0' 

10' 

20' 

30' 

40' 

50' 

1 

2 

3 

i 

5 

6 

7 

8 

9 

0 

1 -0000 

1 woo 

1 -0000 

1 -0000 

9999 

9999 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

9998 

9998 

9997 

9997 

9996 

9995 

0 

0 

0 

0 

0 

0 

0 

0 

0 

2 

9994 

9993 

9992 

9990 

9989 

9988 

0 

0 

0 

0 

0 

0 

1 

1 

1 

3 

99S6 

9985 

9983 

9981 

9980 

9978 

0 

0 

1 

1 

1 

1 

1 

1 

1 

4 

9976 

9974 

9971 

9969 

9967 

9964 

0 

0 

1 

1 

1 

1 

1 

1 

2 

5 

9962 

9959 

9957 

9954 

9951 

9948 

0 

1 

1 

1 

1 

1 

2 

2 

2 

a 

9945 

9942 

9939 

9936 

9932 

9929 

0 

1 

1 

1 

2 

2 

2 

2 

2 

7 

9925 

9922 

991S 

9914 

9911 

9907 

0 

1 

1 

2 

2 

2 

3 

3 

8 

8 

9903 

9899 

9894 

9890 

9886 

9881 

0 

1 

1 

2 

2 

2 

3 

3 

3 

9 

9877 

9872 

9868 

9863 

9858 

9853 

0 

1 

1 

2 

2 

8 

3 

3 

4 

10 

9848 

9843 

9838 

9833 

9827 

9822 

1 

1 

2 

2 

2 

3 

3 

4 

4 

11 

9816 

9811 

9805 

9799 

9793 

9787 

1 

1 

2 

2 

3 

3 

4 

4 

6 

13 

9781 

9775 

9769 

9763 

9757 

9750 

1 

1 

2 

2 

3 

3 

4 

5 

5 

13 

9744 

9737 

9730 

9724 

9717 

9710 

1 

1 

2 

3 

3 

4 

4 

5 

6 

14 

9703 

9696 

9689 

9681 

9674 

9667 

1 

1 

2 

8 

4 

4 

6 

5 

6 

15 

9659 

9652 

9644 

9636 

9628 

9621 

1 

2 

2 

3 

4 

4 

S 

6 

7 

16 

9613 

9605 

9596 

9588 

9580 

9572 

1 

2 

2 

3 

4 

6 

6 

6 

7 

17 

9563 

9555 

9546 

9537 

9528 

9520 

1 

2 

3 

3 

4 

5 

6 

7 

7 

18 

9511 

9502 

9492 

9483 

9474 

9465 

1 

2 

8 

4 

4 

5 

6 

7 

8 

19 

9455 

9446 

9436 

9426 

9417 

9407 

1 

2 

3 

4 

5 

6 

6 

7 

8 

20 

9397 

9387 

9377 

9367 

9356 

9346 

1 

2 

3 

4 

5 

6 

7 

8 

9 

21 

9336 

9325 

9315 

9304 

9293 

9283 

1 

2 

3 

4 

5 

6 

7 

8 

9 

. 22 

9272 

9261 ' 

9250 

9239 

9228 

9216 

1 

2 

3 

4 

6 

6 

7 

9 

10 

23 

9205 

9194 

9182 

9171 

9159 

9147 

1 

2 

3 

5 

6 

7 

8 

9 10 

24 

9136 

9124 

9112 

9100 

9088 

9075 

1 

2 

4 

5 

6 

7 

8 

9 10 

25 

9063 

9051 

903S 

9026 

9013 

9001 

1 

3 

4 

5 

6 

7 

8 10 11 

26 

8988 

8975 

8962 

8949 

8936 

8923 

1 

3 

4 

5 

6 

8 

9 10 11 

27 

8910 

8897 

8884 

8870 

8857 

8843 

1 

3 

4 

6 

7 

8 

9 

11 

12 

28 

8829 

8816 

8802 

8788 

. 8774 

8760 

1 

3 

4 

6 

7 

8 

9 

11 

12 

29 

8746 

8732 

8718 

8704 

8689 

8675 

1 

3 

4 

6 

7 

8 

10 11 12 

30 

8660 

8646 

8631 

8616 

8601 

8587 

1 

3 

4 

6 

7 

9 

10 11 13 

31 

8572 

8557 

8542 

8526 

8511 

8496 

2 

3 

5 

6 

8 

9 

10 12 13 

32 

8480 

8465 

8450 

8434 

8418 

8403 

2 

3 

5 

6 

8 

9 

11 12 14 

33 

8387 

8871 

8355 

8339 

8323 

8307 

2 

3 

5 

6 

8 

9 

11 

12 14 

: , '34 '.i 

8290 

8274 

8258 

8241 

8225 

8208 

2 

3 

6 

7 

8 10 

11 

13 14 

35 

8192 

8175 

8158 

8141 

8124 

8107 

2 

3 

5 

7 

8 10 

12 13 15 

36 

8090 

8073 

8056 

8039 

8021 

8004 

2 

3 

5 

7 

9 

10 

12 14 15 

37 

7986 

7969 

7951 

7934 

7916 

7898 

2 

4 

5 

7 

9 10 

12 14 16 

3S 

7880 

7862 

7844 

7826 

7808 

7790 

2 

4 

5 

7 

9 11 

12 14 16 

39 

7771 

7753 

7735 - 

7716 

7698 

7679 1 

2 

4 

6 

7 

9 11 

13 14 16 

40 

7660 

7643 

7623 

7604 

7585 

7566 

2 

4 

6 

8 

9 11 

13 IS 17 

41 

7547 

7528 

7509 

7490 

7470 

7451 

2 

4 

6 

8 10 11 

13 15 17 

42 

7431 

7412 

7392 

7373 

7353 

7333 

2 

4 

6 

8 10 12 

13 

15 

17 

43.' 

7314 

7294 

7274 . 

7254 

7234 

7214 , 

2 

4 

6 

8 10 12 

«J4 16„ 

P 

4(4 

7193 

7173 

7153 

7132 

7112 

7092 1 

1 

2 

4 

6 

8 10 12 

14 16^ 

18 
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Table Kill. — contiaueil. 


Natiu’al Cosines. 


0 ' 

10 ' 

20 ' 

30 ' 

40 ' 

50 ' 

1 

2 

3 

7071 

7050 

7030 

7009 

6988 

6967 

2 

4 

6 

6947 

6926 

6905 

6884 

6862 

6S41 

2 

4 

6 

6820 

6799 

6777 

6756 

6734 

6713 

'2 

4 

6 

6691 

6o61 

6128 

6293 

6157 

6018 

6670 

6539 

6406 

6271 

6134 

5995 

6643 

6517 

6S83 

6248 

Gill 

5972 

6626 

6494 

6361 

6225 

6088 

5918 

6604 

6472 

6338 

6202 

6065 

5925 

6583 

6450 

6316 

6180 

6041 

5901 

2 

2 

2 

2 

4 

4 

4 

5 

7 

7 

7 

7 

5S78 

5854 

5831 

5807 

5783 

6760 

2 

5 

7 

5736 

•5712 

5688 

5064 

5640 

5616 

2 

5 

7 

5592 

55fi8 

■5544 

5519 

5195 

5471 

2 

o 

7 

5446 

5422 

5398 

5373 

5348 

6324 

2 

5 

7 

5299 

5275 

5250 

5225 

6200 

5175 

2 

6 

7 

5150 

5125 

5100 

5075 

5050 

5025 

3 

6 

8 

5000 

4975 

4950 

4924 

4899 

1874 

3 

5 

8 

4848 

4823 

4797 

4772 

4746 

4720 

3 

5 

8 

4695 

4669 

4643 

4617 

4592 

4566 

3 

5 

8 

4540 

4514 

4488 

4462 

4436 

4410 

3 

5 

8 

4381 

4358 

4331 

4305 

4279 

4253 

3 

5 

S 

4226 

4200 

4173 

4147 

4120 

4094 

3 

6 

8 

4067 

4041 

t 4014 

S9S7 

3961 

3934 

3 

5 

8 

3907 

3881 

3854 

3827 

3800 

3773 

3 

5 

8 

3746 

3719 

3692 

3665 

3638 

3611 

3 

5 

8 

3534 

3557 

3529 

3502 

3475 

3448 

3 

5 

8 

3420 

3393 

3365 

3338 

3311 

3283 

3 

5 

8 

3256 

3228 

3201 

3173 ! 

3145 

3118 

3 

6 

8 

3090 

3062 

3035 

3007 

2979 

2952 

3 

6 

8 

2924 

2890 

2868 

2840 

2812 

2784 

3 

6 

8 

2756 

2728 

2700 

2672 

2644. 

2616 

3 

6 

8 

2588 

: 2560 

2532 

2504 

2476 

2447 

3 

6 

S 

2419 

2391 

2363 

2334 

2306 

2278 

3 

6 

8 

2250 

2221 

2193 

2164 

2136 

2108 

3 

6 

9 

2079 

2051 

2022 

1994 

1965 

1937 

3 

6 

9 

1908 

1880 

1851 

1822 

1794 

1765 

3 

6 

9 

1736 ! 

1708 

1679 

1650 

1622 

1593 

3 

6 

9 

1564 ; 

. 1536 

1 1507 

1478 

1449 1 

1421 

3 

6 

9 

1392 ’ 

1 1363 ‘ 

1 1334 

1305 

1 1276 1 

1248 

3 

6 

9 

1219 

1 1190 

i 1161 

1132 

1103 

1074 

3 

6 

9 

1045 

1 1016 

0987 

0958 

0929 

0901 

3 

6 

9 

0872 

0843 

0814 

9785 

0756 

0727 

3 

6 

9 

0698 

1 0669 

1 0640 

0610 

0581 

0552 

3 

6 

9 i 

0523 

: 0494 

j 0465 

0436 

1 0407 

0378 

3 

6 

9 1 

0349 

! 0320 

0291 

0262 

1 0233 

0204 

3 

6 

9 i 

0175 

1 0145 

1 0116 

0087 

0058 

0029 

3 

6 

ll 
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TABLE XIV. 


Natural Tangents. 



0' 


5' ■ I 

10' ’ 

15' 

20' 

25' 

30' 

35' 

40' 

45' 

50' 

55' 1 

1 2 j 

3 4 

0" • 

000 

0015 1 

0029 

0044 

0058 

0073 

0087 

0102 

0116 

0131 

0145 ( 

r 

3160 

3 6 

9 12 

i 

0175 


0189 

0204 

0218 

0233 

0247 

0262 

0276 

0291 

0306 

0320 1 

0335 

3 6 

9 12 

2 

0349 


0364 

037S 

0393 0407 

0422 

0437 

0451 

0466 

0480 

0495 ' 

0509 

3 6 

9 12 

il 

0524 


0539 ! 

0553 1 

0503 

0582 1 

0597 

0612 

0626 

0641 

0655 

0670 

0685 

3 6 

9 12 

4 

0099 


0714 

0729 j 

0743 

0758 

0772 

0787 

0802 

0816 

0S31 

0846 

0860 

3 0 

9 12 

5 

0875 


0890 i 

0904 

0919 

0934 

0948 

0963 

0978 

0992 

1007 

1022 

1036 

3 6 

9 12 

ti 

1051 


1066 1 

1080 

1095 

1110 

1125 

1139 

1154 

1169 

1184 

1198 

1213 

3 6 

9 12 

7 

122S 


1243 1 

1257 

1272 

1287 

1302 

1317 

1331 

1346 

1361 

1376 

1391 

3 6 

9 12 

8 

1405 


1420 

1485 

1450 

1465 

1480 

1495 

1509 

1524 

1539 

1654 

1569 

3 6 

9 12 

9 

1584 


1599 

1614 

1629 

1644 

1638 

1673 

1688 

1703 

1718 

17SS 

1748 

3 6 

9 12 

10 

1763 


1778 

1793 

1808 

1823 

1838 

1853 

1868 

1883 

1899 

1914 

1929 

3 6 

9 12 

11 

1944 


1959 

1974 

1989 

2004 

2019 

2035 

2050 

2065 

2080 

2095 

2110 

3 6 

9 12 

12 

2126 


2141 

2156 

2171 

2186 

2202 

2217 

2-232 

2247 

2263 

2278 

2293 

3 6 

9 12 

13 

2309 


23'24 

2339 

2355 

2370 

2385 

2401 

2416 

2432 

2447 

•2462 

2478 

3 6 

9 12 

14 

2493 


2509 

2524 

2540 

2555 

2571 

2586 

2602 

2617 

2633 

2648 

2664 

3 6 

9 12 

15 

2679 


2696 

2711 

2726 

! 2742 

2758 

2773 

2789 

2805 

2820 

2836 

2852 

3 6 

9 13 

16 

'2867 


2883 

2899 

2915 

2931 

2946 

2962 

2978 

2994 

8010 

3026 

3041 

3 G 

9 13 

17 

•3057 


3073 

3089 

3106 

, 3121 

3137 

3153 

3169 

3185 

8-201 

35il7 

3233 

3 6 

10 13 

18 

•3249 


8265 

3281 I 

3298 

3314 

3330 

3346 

3362 

3378 

3395 

3411 

3427 

3 6 

10 13 

19 

•3443 


8460 

3476 

3492 

3508 

3525 

3541 

3558 

3574 

3590 

j 3607 

3623 

3 6 

10 13 

20 

•3640 1 

8656 

3673 

3689 

3706 

3722 

3739 

3755 

3772 

3789 

8805 

3822 

3 7 

10 13 

21 

•3839 


8855 

3872 I 

3889 

3906 

3922 

3939 

3956 

3973 

3990 

4006 

4023 

3 7 

10 13 

22 

■4040 

4057 

4074 

! 4091 

4108 

4125 

4142 

4159 

4176 

4193 

4210 

4228 

3 7 

10 14 

23 

•4245 1 

4202 

4279 1 4296 

4314 

4331 

4348 

4‘3G5 

4383 

4400 

4417 

4435 

3 7 

10 14 

, .24 

•4452 

4470 

4487 

4505 i 

4522 

4540 

4557 

4575 

4592 

4610 

4628 

4645 

4 7 

10 14 

25 

•4663 ' 

4681 ' 

4699 

4716 

4734 

4752 

4770 

4788 

4806 

4823 

4841 

4859 

4 7 

11 14 

26 

•4S77 

4895 

4913 

1 4931 

4950 

4868 

4986 

5004 

5022 

5040 

5059 

5077 

4 7 

n 15 

27 

•5095 

5114 

5132 

! 5150 

6169 

5187 

5206 

5224 

5243 

5261 

5280 

5298 

4 7 

11 15 

28 

•5317 

5330 

5‘35 4 

! 5373 

5392 

5411 

5430 

5448 

5467 

5486 

5506 

5524 

4 8 

11 15 

29 

•5543 

5562 

5581 

1 5600 

5619 

5639 

5658 

5677 

5696 

5715 

5735 

5754 

4 8 

12 15 

30 

•577^ 

4 

5793 

5812 

5832 

5851 

5871 

5890 

5910 

5930 

5949 

6969 

5939 

4 8 

12 16 

31 

■6009 

6028 

6018 

6008 

6088 

6108 

6128 

6148 

6168 

6188 

6208 

6228 

4 8 

12 16 

32 

•62-19 

0209 

6289 

6310 

6330 

6350 

6371 

6391 

6412 

6432 

6453 

6473 

4 8 

12 16 

33 

•f)494 

6515 

0530 

6556 

6577 

6598 

6619 

6649 

6661 

6682 

6703 

6724 

4 8 

13 17 

34 

•6745 

6766 

6787 

6809 

6830 

6851 

6873 

6894 

6916 

6937 

6959 

6980 

4 9 

13 17 

35 

-7002 

7024 

7046 

7067 

7089 

7111 

7133 

7155 

7177 

7199 

7221 

7243 

4 9 

13 18 

30 

•7205 

7288 

7310 

7332 

7355 

7377 

7400 

7422 

7445 

7467 

7490 

7513 

5 9 

15 IS 

37 

•7586 

7558 

7581 

7604 

7627 

7650 

7673 

7696 

7720 

7743 

7766 

7789 

5 9 

14 18 

tJ8 

, 7S13 

7836 

7860 

7883 

7907 

7931 

7954 

7978 

8002 

8026 

8050 

8074 

6 10 

14 19 

39 

•8098 

8122 

8146 

8170 

8195 

8219 

8243 

8268 

8292 

8317 

8342 

8366 

5 10 

15 20 

■iC 

t -8391 

8416 

8441 

8466 

8491 

8516 

8541 

8566 

8591 

8617 

8642 

8667 

5 10 

15 20 

41 

•8093 

8718 

8744 

8770 

8796 

8821 

8847 

8873 

8899 

8925 

8952 

, 8978 

5 10 

'16 21 

42 

•9004 

9030 

9057 

9083 

9110 

9137 

9163 

9190 

9217 

9244 

9*271 

9298 

5 11 

10 21 

43 

•9325 

9332 

93SO 

9407 

9435 

9462 

9490 

9517 

9545 

9573 

9fi0i 

9629 

6 11 

17 .22 

■ 44 

•9657 

9685 

9713 

9742 

9770 

9798 

9827 

9856 

9884 

9913 

9912 

9971 

6 11 

17 23 



1 2 3 i 


1 -000 

0029 

0058 

0088 

0117 

0147 

0176 

0206 

1 -035 

0385 

0416 

0446 

0477 

0507 

0538 

0569 

1-072 

0755 

0786 

0818 

0850 

0881 

0913 

0945 

1-111 

1139 

1171 

1204 

1237 

1270 

1303 

1336 

1-150 

1538 

1571 

1606 

1640 

1671 

1708 

1743 

1-192 

1953 

1988 

2024 

2059 

2095 

2131 

2L67 

1 -235 

2386 

2423 

2160 

2497 

2534 

2572 

2609 

1 -280 

2838 

2876 

2915 

2954 

2993 

3032 

3072 

1 -327 

3311 

3351 

3392 

3432 

3473 

3514 

3555 

1 -376 

3806 

3S4S 

3891 

3934 

3976 

4019 

4033 

1 -428 

4326 

4370 

4415 

4460 

4505 

4550 

4596 

1 -4S3 

4872 

4919 

4966 

5013 

5061 

5108 

5156' 

1 -540 

5448 

5497 

5547 

5597 

5647 

5697 

5747 

1 -600 

6055 

6107 

6160 

6212 

6265 

6319 

6372 

1 -664 

6698 

6763 

6808 

6864 

6920 

6977 

7033 

1-732 

7379 

7437 

7496 

7556 

7615 

7675 

7735 

1 -804 

8103 

8165 

8228 

8291 

8354 

8418 

8482 

1 -881 

8873 

8940 

9007 

9074 

9142 

9210 

9-278 

1 -963 

9697 

9768 

0840 

9912 

9984 

0057 

0130 

2-050 

0579 

0655 

0732 

0809 

0887 

0965 

1044 

2 -ll.! 

1527 

1609 

1692 

1775 

1859 

1943 

2028 

2 '246 

2549 

2637 

2727 

2817 

2907 

2998 

3090 

2 -356 

8654 

3750 

3847 

3945 

4043 

4142 

4242 

2-475 

4855 

4960 

5065 

5172 

5279 

5386 

5495 

2 -605 

6165 

6279 

6395 

6511 

6628 

6746 

6865 

2 -747 

'2-760 

2-773 

2 -ySo 

2-798 

2 -811 

2 -824 

2-837 

2 -904 

2-918 

2 -932 

2 -946 

2-960 

2 -974 

2-989 

3-003 

3-078 

3-093 

3 -108 

3 -124 

3-140 

3 -156 

3-172 

3-188 

3 -271 

3 -288 

3 -305 

3-323 

3 -340 

3-358 

3-376 

3 -394 

3 -487 

3-507 

3-526 

3 -546 

3-566 

8 -583 

3-606 

3-626 

3-732 

3-754 

3-776 

3-798 

3-821 

3-844 

3-867 

3-890 

4-011 

4-036 

4 -061 

4 -087 

4 -113 

4-139 

4-165 

4 -192 

4-331 

4-360 

4 -390 

4-419 

4 -449 

4-480 

4-511 

4 -542 

4-705 

4-739 

4 -773 

4-808 

4-843 

4-879 

4 -915 

4 -95*2 

5-145 

5-185 

5-226 

5 '287 

O-809 

5-352 

5-396 

5 -410 

5-671 

6 -720 

5 -769 

5-820 

5-871 

5-923 

5-976 

6 030 

6-314 

6 -874 

6 -435 

6 -497 

6-561 

6-626 

6-691 

6 ‘758 

7-115 

7-191 

7-269 

7 -348 

7 -429 

7-511 

7-596 

7-682 

8 -144 

8-243 

8 -345 

8 -449 

8 "556 

8-665 

S-777 

S -892 

9 -514 

9 -649 

9 -788 

9 -931 

10-08 

10-23 

10-39 

10-55 

11 -43 

11 -62 

11 -83 

12 -03 

12-25 

12 -47 

12 -71 

12 -95 

14 -30 

44-61 

14 -92 

15 -26 

15-60 

15 -97 

16 -35 

16 -75 

L9 -08 

19 -63 

-20 -21 

•20 -82 

21 -47 

22 -16 

22-90 

23 -69 

28 -64 

29 -88 

31 -24 

32 -73 

34. -37 

36 -18 

38 -19 

40 -44 

57 -29 

62 -50 

68 -75 

76 -39 

85 -94 

98 -22 

114 -6 

137-5 


W 45' 5U' 55' 


0235 

0265 

0295 

0325 

6 

12 

IS 

24 

0599 

0630 

0661 

0692 

6 

12 

18 

2.) 

0977 

1009 

1041 

1074 

6 

13 

19 

25 

1369 

1403 

1436 

1470 

7 

13 

20 

26 

1778 

1812 

1847 

1882 

7 

14 

21 

28 

2203 

2239 

2270 

2312 

7 

14 

22 

29 

2647 

2685 

2723 

2761 

8 

15 

23 

30 

3111 

3151 

3190 

3230 

8 

16 

23 

31 

3597 

3638 

3680 

3722 

8 

16 

25 

33 

4106 

4150 

4193 

4237 
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17 

26 

34 

4641 

4687 

4733 

4779 

9 

18 

27 

36 

5204 

5253 

5301 

5350 10 

19 

29 

38 

5798 

6849 

5900 

5952 10 

20 

30 

40 

6426 

6479 

6534 

6588 11 

21 

32 

43 

7090 

7147 

7205 

7262 


23 

34 

45 

7796 

7856 

7917 

7979 12 

24 

36 

48 

8546 

8611 

8676 

8741 13 

26 

38 

51 

9347 

9416 

9486 

9556 14 

27 

41 

55 

0204 

0278 

0353 

0i28 

15 

29 

44 

58 

1123 

1203 

1283 

1361 16 

31 

47 

63 

2113 

2199 

2286 

2373 

17 

34 

51 

68 

3183 

3276 

3369 

3164 18 

37 

55 

74 

4342 

4443 

4645 

464S20 

40 

60 

79 

5605 

5715 

5826 

5938 

22 

43 

65 

87 

6985 

7106 

7228 

735124 

47 

71 

95 

2 -850 

2 -864 

2-877 

2 -891 

3 

5 

8 

10 

3-018 

3 -033 

3 -047 

3-063 

3 

6 

9 

11 

3 -204 

3-221 

3 -237 

3-254 

3 

6 

10 

13 

3 -412 

3-431 

3 -450 

3 -468 

4 

7 

11 

14 

3 -647 

3 -668 

3 -689 

3-710 

4 

8 

12 

16 

3 -914 

3 -938 

3-962 

3 -986 

5 

9 

14 

19 

4 -219 

4 -247 

4 -275 

4-303 

5 

11 

16 

21 

4-574 

4-606 

4 -638 

4 -671 

6 

12 

19 

25 

4 -989 

5-027 

5 -066 

5 '105 

7 

15 

22 

26 

29 

5 -485 

5 -530 

5 -570 

5 -623 

9 

17 

35 

6 -084 

6 -140 

6-197 

6-255 





6 *827 

6-897 

6 -968 

7-041 





7-770 

7-861 

7 -953 

8 -048 





9-010 
10 *71 

9 -131 

10 -ss 

9-255 
11 -06 

9 -383 
11 -24 

Diffei-ence 

cohimns 

13 -20 

13 -46 

13 -73 

14-01 

ceast 

to 

bo 

17 -17 

17 -61 

18-07 

18 -56 


Uriel ui 



X/ U/ i/ 'Oi IS U/ XO OD 

24 -54 25 -45 20 ’43 27 ‘I') 
42 -90 45-83 49-10 52-88 

L71 -9 229 -2 343 -8 |e87 ’5 
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TABLE XV. 


Logarithms of Sines, Tangents, and Secants. 


Anyle.l Sine. 1 

Oiff. 

Co.sec. 

Tan. 

Dilf. I 

3omn. 

Secant, 

lifF. 

o.sine. 


D" 0' [ 
0 1 

0 2 

ifin. neg. 
6-4637 
6-7648 

ntin. 

1010 

1761 

Ini'mite. 1 
13 -5363 
13-2352 

ifin ncg. 

6 -4637 
6-7648 

nfln. 
3010 1 
1761 1 

nfinite. 

•5363 

3-2352 

10-0000 

10-0000 

10-0000 

0 1 
0 1 
0 1 

•0000 

•0000 

■0000 

90" 0' 

89 59 
|9 58 

0 3 

0 4 

0 5 

6 - 9408 

7 - 0658 

7 -1627 

1249 

969 

792 

13 -0592 

12 ■934.2 
12-8373 

6- 9408 

7 -0658 

7- 16-27 

1-349 1 
969 
792 

3 -0592 
2-9343 
2-8373 

lo-oocol 
10 -0000 i 

10 -0000 I 

0 1 
0 1 
0 1 

3-0000 

•0000 

3-0000 

89 57 

89 50 

89 55 

0 6 

0 8 

0 10 

7-2419 

7-3668 

7-4637 

609 

512 

414 

12-7581 

12 -6332 
12-5363 

7-2410 

7-3668 

7-4637 

669 

512 

414 

2-7581 

-2-6332 

2-5363 

10 -0000 
10 -0000 
10-0000 

0 I 
0 1 
0 1 

•0000 

0-0000 

•0000 

99 54 

89 52 

89 50 

0 12 

0 14 

0 16 

7 -5429 

7 -6099 

7 -6678 

348 

300 

203 

12-47)71 

12-3901 

12-33-22 

7-5429 

7-6099 

7-6678 

348 

300 

263 

2-4571 

2-3901 

2-3323 

10-0000 
10 -0000 
10-0000 

0 1 
0 1 
0 

•0000 

0-0000 

0 -0000 

89 48 

89 46 

89 44 

0 18 

0 20 

0 22 

7 -7190 

7 -7648 
7-8061 

235 

212 

193 

12-2810 

12-2352 

12-1939 

7-7190 
7 -7648 
7-8062 

235 

212 

193 

2-2810 

-2-2352 

2-1938 

10-0000 
10-0000 
10 0000 

0 

0 

0 

0-0000 

0 -0000 

0 -0000 

89 42 

89 40 

89 38 

0 24 

0 26 

0 28 

7-S439 

V -8787 
7-9108 

177 

164 

152 


2-1561 

2-1213 

2-0891 

7 -8439 
7-8787 
7-9109 

177 

164 

152 

12-1561 

2-1213 

12-0891 

10-0000 
10 -0000 
10-0000 

0 

0 

0 

0 -0000 
0-0000 

0 -0000 

89 36 

89 34 

89 32 

0 80 

0 35 

0 40 

7- 0408 

8 - 0078 
8-0658 

137 

118 

104 


2-0593 

1 -9922 

1 -9342 

7- 9409 

8- 0078 
8-0658 

137 

118 

104 

T2-0591 
a -9922 
a -9342 

10-0000 

10-0000 

10-0000 

0 

0 

0 

0-0000 

0 -0000 
0-0000 

89 30 

89 25 

89 20 

0 45 

0 50 

0 55 

8-1169 
8-1027 
8 -2041 

03 

84 

77 

1 -8831 

1 -8373 

1 -7059 

8-1170 
8 -1627 
8 -2041 

93 

84 

77 

a -8830 
a -8373 
a -7959 

10 -0000 
10 -0000 
10-0001 

0 

0 

0 

0-0000 

0-0000 

9 -9999 

89 15 

89 10 

89 5 

i 0 

1 5 

1 10 

8-2419 

8-2760 

8-3038 

70 

65 

60 

11 -7581 

1 -7-234 

1 -0912 

8-2419 
8-2707 
8 -3089 

70 

65 

60 

11-7581 

11-7-233 

11-6911 

10-0001 

10-0001 

10-0001 

0 

0 

0 

9-9999 

0*9999 

9 -9999 

89 0 . 
88 55 

88 50 

1 15 

1 20 

1 25 

8-3393 
8 -3608 
8-3931 

56 

53 

50 

11-6612 
a -633-2 
11-6069 

8 -3389 
8-3669 
8-3932 

56 

53 

50 

11-6611 

11-6331 

a -6068 1 

10-0001 
10-0001 
10 -0001 ' 

0 

0 

0 

9 -9999 
9-9999 

9 ‘9999 

88 45 
88 40 
88 35 

1 30 

1 40 
1 50 

8-4179 
8-4637 
8 -5060 

« 

s 

a -5821 
11-5303 
a -4950 

8-4181 
8-463!; 
8 -5081 

46 
! 42 

i 38 

a -5819 
11-5362 
a -4947 

10-0001 
10 -0002 
10 -0002 

0 

0 

0 

9 -9998 

9 -9998 

88 30 
88 20 
88 10 

2 0 
2 10 
2 20 

8-5423 35 

8-5776, 32 

8-6097 SO 

a -4572 
11-4224 
11-3903 

8-5431 

8-5771 

8-610] 

1 35 

) 32 

1 30 

11-4589 
a-4-2-21 
a -3899 

10-0003 
10-0003 
10 -0004 

0 

0 

0 

9 -9997 

9 -9997 
9-9996 

88 0 
87 50 
87 40 

2 SO 
2 40 
2 50 

8 -63971 28 

8-66771 26 

S -69401 25 

a -3603 
a -3323 
a -3060 

8-640] 
8 -608-. 
8-694! 

1 28 

2 26 
) 25 

11-3599 
11-3318 
a -3055 

10 -0004 
10 -01)0.'! 
10 -0005 

0 

1 0 

, 0 

9 -9996 

9 -9995 

9 -9995 

87 30 
87 20 
87 10 

S 0 
3 10 
3 20 

8-718 
8 -742 
8-764 

24 

: 22 
21 

a '2812 

11-2577 
a -2355 

8-719^ 

8-742! 

8-765; 

t 24 
) . 22 
2 21 

a 2806 

11-2571 

11-2348 

10 -oooc 

10 -0007 
10 -0007 

i 0 

• 0 
a 

9-9994 

9 -9993 

9 -9993 

87 0 
80 50 
86 40 

a 30 

3 40 
8 50 

8-785 

8-805 

8-825 

19 

18 

a -2143 
11-1941 
11-1749 

8-7861 

8-806' 

8-826 

5 20 

7 19 

1 18 

a -2135 
11-1933 
a-1739 

lO-OOOl- 
10 -0001 
10-001( 

1 0 

1 0 
) 0 

9-9992 

9 -9991 

9 -9990 

86 30 
86 20 
86 10 

4 0 
4 10 
4 20 

8-843 

8-861 

8-878 

3 18 

3 17 

3 16 

a -1564 
11-1387 
11-1217 

8-844 

8-879 

6 18 

4 17 

5 16 

a -1554 
a -1376 
H-1205 

10 -0011 
10 ‘0011 
lo-ooi: 

L 0 
} 0 

1 0 

9 -9989 

9 -9989 
9-9988 

86 0 
85 50 
85 40 

4 80 
4 40 
4 50 

8-894 

8-910 

8-925 

6 16 
4 15 

6 15 

a-10i)4 

11 -0896 
a -0744 

8-896 

8-911 

8-927 

0 16 
8 15 

2 15 

a -1040 
11-0882 
11-0728 

lo-ooi; 
10-QOl 
10 -001 

3 0 

4 0 

5 0 

9-9987 

9 -9986 
9-9985 

85 30 
85 20 
85 10 

5 0 
5 10 
5 20 

8-940 

8-S)5‘ 

8-96S 

3 14 

5l 14 
2 13 

11-0597 
a -0455 
11-0318 

8-942 

8-95f 

8-97( 

!0 14 

13 14 

)1 . 13 

: a -0580 
. a -0437 

1 a -0299 

10 -001 
10-001 
10 -001 

7 0 

3 0 

9 0 

9-9983 

9 -9982 
9-9981 

85 0 
84 50 
84 40 

6 SO 

5 40 

6 5C 

8-981 
. 8-994 

, 9-00 

6 

5 

0 

13 

13 

12 

a -0184 
11-0055 

10 -9930 

8-98! 

8- 09( 

9 - 001 

56 13 

56 a 

)3 I! 

i 11-0164 
! a -0034 
! 10-9907 

10-002 
10 -002 
10 -002 

0 0 

ii a 

;3 0 

9 -9980 

9 -9979 
9-9077 

84 30 
84 20 
84 10 


Cosine. 

Diif 

fori 

, Secimi. 

Cotan, 

DiS 
■ foi-1 

V Tan. 

Goscc. 

UiCP. 
' foil' 

, Sine, 
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Table XV. — continued. 
Logarithms of Sines, Tangents, and Secants. 


Angle. 

Sine. 

Diff. 

Cosec. 

Tan. 

Diff. 

Cotan. 

Secant. 

Diff. 

Co.,ine. 

... 

6° 

0' 

.'1-0192 

12 

10 -9808 

9 -0216 

12 

10-9784 

10-0024 

0 

B -0076 

84" 0' 

e 

10 

9-0311 

12 

10-9689 

9-0336 

1-2 

10-9664 

10-0025 

0 

9 -9975 

83 50 

6 

20 

9 -0-120 

11 

10-9574 

9 -0453 

11 

10 -9547 

10-0027 

0 

9 -9973 

83 40 

fi 

30 

9 -0539 

11 

10-9461 

9-0567 

11 

10 -9433 

10-0028 

0 

9-9972 

83 30 

fi 

40 

9-0018 

11 

10-93,52 

9-067t 

11 

10-9322 

10-0021 

0 

9 -9971 

83 20 

ti 

faU 

9 -0705 

10 

10-9245 

9-0786 

11 

10 -9214 

10 0031 

0 

9-9969 

83 10 

7 

0 

9-0850 

10 

10-9141 

9-0891 

10 

10 -9109 

10*0032 

0 

9 -.9968 

83 0 

7 

in 

9 -0961 

10 

10 -9039 

9 -0995 

10 110-9005 

10-0031 

0 

9-9066 

82 50 

7 

20 

0-1060 

10 

10-8940 

9-1096 

10 ,10-8904 

10-0036 

0 

9 -9964 

82 40 

7 

30. 

9-1157 

in 

10-8843 

9-1194 

10 

10-8806 

10-0037 

0 

9 -9963 

82 30 

7 

40 

9-1252 

9 

10-8748 

9-1291 

9 

10-8709 

10-0031 

0 

9 -9961 

82 20 

7 

60 

9 -1345 

9 

10-8055 

9-1385 

9 

10-8615 

10-0041 

0 

9-9953 

82 10 

8 

0 

9 -1436 

9 

10-8564 

9-1478 

9 

10-8522 

10-0042 

0 

9-9958 

82 6 

8 10 

9-1525 

9 

10-8475 

9 -loot 

9 

10-8431 

10-0044 

0 

9 -9956 

81 50 

8 20 

9 -1612 

9 

10-8388 

9 -1658 

0 

10-834-2 

10-0046 

0 

9 -9954 

81 40 

8 30 

9-1697 

83 

10-8303 

9-1745 

85 

10-8256 

10-0048 

2 

9-9952 

81 30 

9 

0 

9-1943 

78 

10-8057 

9-1997 

SO 

10 -8003 

10 '0054 

2 

9-9946 

81 0 

9 30 

9-2176 

74 

10'7824 

9-2-236 

76 

10-7764 

10-0060 

2 

9-0940 

80 30 

in 

0 

9 -2397 

70 

10-7603 

9-2463 

72 

10-7537 

10-0066 

2 

9 -0934 

80 0 

10 

30 

9 -2006 

67 

10-7394 

9 -2680 

69 

10-7-^20 

10-0071 

2 

9 -9927 

79 30 

ii 

0 

9 -2806 

64 

10-71'J4 

9 -2887 

66 

10-7113 

10-0081 

2 

9-9919 

79 0 

n 

30 

9 -29.97 

61 

10-7003 

9-308.5 

63 

10-6,015 

. 10-0088 

3 

.9-9912 

78 30 

■|« 

0 

9 -31 7!! 

5S 

10-68-21 

9-3-275 

61 

10-6725 

10-0096 

3 

9-9904 

78 0 

12 

30 

9-3353 

56 

10-6647 

9 -3458 

59 

10-6542 

10-0104 

3 

9-9896 

77 30 

13 

0 

9-3521 

54 

10-6479 

9 -3634 

57 

10.6366 

10-0113 

3 

9 -9887 

77 0 

13 

30 

9 3682 

52 

10-6318 

9-3804 

55 

10-6196 

10-0122 

3 

9 -9878 

76 30 

14 

0 

9-3837 

50 

10-6163 

9 -3968 

53 

10-6032 

10-0131 

3 

9-9869 

76 0 

14 

30 

9 -3986 

48 

10-6014 

9-4127 

51 

10-5873 

10-0141 

3 

9 -9859 

75 30 

15 

0 

0-4136 

46 

10-5870 

9 -4281 

50 

10-5719 

10-01f.l 

3 

9-9849 

75 0 

16 

30 

9-4269 

45 

10-5731 

9-4430 

48 

10-5570 

10-0161 

3 

9-0839 

74 30 

IR' 

0' 

9 -4-103 

43 

10-5597 

9 -4375 

47 

10-5425 

10-0172 

4 

9-9828 

74 0 

17 

0 

9-4659 

40 

10-5841 

9 -4853 

44 

10-5147 

10-0194 

4 

9-9806 

73 0 

18 

0 

9 -4900: 

38 

10-5100 

9-5118 

42 

10-4882 

10-0218 

4 

9 -9782 

72 0 

19 

0 

9 -5126 

36 f 

10-4874 

9 -6370 

40 

10-4630 

10-0243 

4 

9 -9757 

71 0 

20 

0 

9 -6341 

34 

10-4659 

9-6611 

39 

10-1389 

10-0-270 

6 

9-9730 

70 0 

21 

0 

9-6543: 

32 1 

10-4457 

9-5842 

37 

10-4158 

10*0298 

5 

9 -9702 

69 0 

22 

0 

9 -5736 

31 

10-4204 

0 -6064 

36 

10-3936 

10-0328 

5 

9 -9672 

68 0 

23 

n 

9-5919: 

29 

10-4081 

9 -6279 

35 

10-3721 

10-0360 


9 -9640 

67 0 

24 

0 

9 -8093 

28 

10-3907 

9 -6486 

34 

10-3514 

10-0393 

6 

9 -9607 

66 0 

25 

0 

9 -6259 

27 

10-3741 

9-6687 

33 

10 -.3313 

10 -04-27 


9 -9573 

65 0 

2fi 

0 

9 -6418: 

25 

10-3582 

9 -6882 

82 

10-3118 

1 0-0 463 

6 

9-9537 

64 0 

27 

0 

9 -6570, 

24 

10-3430 

9-7072 

31 

10-2928 

10-0501 

7 

:9 -0499 

63 0 

23 

0 

9-6716 

23 

10-3284 

9 -7257 

30 

10-2743 

10-0541 

7 

Ig ■9459 

62 0 

29 

0 

9 -0856 

22 

10-3144 

9-7438 

29 

10-2562 

10-0582 

7 

9-9418 

61 0 

30 

0 

9 -6990 

21 ! 

10-3010 

9-7614 

29 

10-2386 

10-06-25 

7 

9-9375 

60 0 

31 

0 

9-7118 

, 21 

10-2882 

0 -7738 

28 

10-2212 

10-0609 

8 

9-9331 

59 0 

32 

0 

9 -7242 

1 20 

! 10 -2758 

9-7958 

‘28 

10-2042 

10-0716 

8 

9 -9284 

! 58 0 

33 

0 

9-7361 

19 

j 10 -2039 

9-8125 

28 

;10-1875 

10-0764 

8 

9-9236 

, 57 0 

34 

0 

9-7476 

19 

10-2.5-24 

9-8290 

27 

10-1710 

10-0814 

9 

9-9186 

56 0 

35 

0 

9 -7586 

1 18 

10-2414 

9-8452 

27 

10-1548 

10 -0866 

9 

9 -9134 

55 0 

36 

0 

9 -7692 

17 

10-2308 

9-8613 

26 

10-1387 

10 -0920 

9 

9 -9080 

54 0 

37 

0 

9 -7795 

16 

10-2-203 

9-8771 

26 

10-1229 

10-0977 

10 

-9023 

53 0 

38 

0 

9 -7893 

16 

110-2107 

9 -89-28 


10-1072 

10-1035 

10 

9 -8965 

52 0 

89 

0 

9 -7989 

15 

! 10 -2011 

9-9084 

26 

10-0916 

10-1095 

10 

9 -8906 

51 0 

40 

0 

9-8081 

15 

liO-1919 

9-9238 

26 

10-0762 

10-1157 

n 

9-8843 

50 0 

41 

0 

9-8169 

14 

10-1831 


25 

10-0608 

10-12-2-2' 

1 

9-8778 

49 0 

42 

0 

9 -8255 

14 

110-1745 

9-9544 

25 

10-0456 

10 -1-289] 

12 

9-8711 

48 0 

43 

0 

9 -8338 

13 ' 

10-1662 

9-9697 

25 

10-0303 

10-1359! 

12 

9-8641 

47 0 

44 

0 

9-8418: 

13 

10-158-2 

9-9848 

25 

10-0152 

10 -1431 

12 

9-8569 

40 0 

45 

0 

9 -8-195 

12 

10-1505 

10-0000 

■ 25 

10-0000 

10-1505] 

13 

9 -8495 

45 0 



Cosine. 

niff. 

Secant, 

Cotan. 

Dili. 

Tan. 

Cosoc. 1 

Diff. 

Sine, 1 

Angle. 




for 10'. 



forlO'. 



for 10'. 






TABLE XVI. 


Conversion of Measures. 

(Chiefly based on data contained in OoL Noble’s Useful Tables.) 


Metric to BritisJu 



Length. 

British to Metric, 


•82877 
: -74315 

. -65753 
•57192 
•48630 


0-30479 

0- 60959 
0*91438 

1 - 219181 
1 -5-2397 j 
1-82877 


2 -5400 
5 -0799 
7*0199 

10 -ISOS 
12 *6998 
15 -2397 


Metric Talle of Lenffth. 

Milli- 

metres. 

10 = 1 centiin6t;i-e. 

100 = I d6uini6ti-e. 

1000 = 1 ,in6ti’e. 

Mdti-es. 

10 = 1 decamfitre. 

100 = 1 hootonifttre. 

1000 = 1 kilomotve. 


of yards 
in 2354 m6t.res 
(.see cols. 1 ami 2) 
metres, yards. 
2000 =-3187 '3 
300 =s 3-28-09 
60= 64*68 
4= 4*37 

.*. 2354=2074-14 


of feet 

of inches ! 

of indtres 

of mdtres 

in 12 -4 rafeti-es 

in 30-5ceiuiin6tves j 

in 1026 yards 

in 1742 feet 

(see cols. 1 and 3). 

(sec cols. 1 and -I). i 

(sec cols. 5 and 6). 

(see cols. 7 and 8). 


Note, 1 ni.= 100cm. i 

feet, nidtres. 

mdtres. feet. 


yards, mdtres. 

1000=304*79 

10 =32-809 

ema. inches. ! 

1000=914*38 

700 = 213-36 

2 = 6-562 

30-0=11-811 i 

1 -20= 18-29 

40= 12-19 

0-4= 1-312 

•5= 0*197 1 

6= 5-49 

2= 0-61 

12-4=40-683 

1 .*, 30-5=12*008 i 

1 .*. 1026=938*16 

1 .*. 1742=530-05 


of centimOtrea 
in 17-72in.s. 
(sooi cola. 9 and 10). 
inches, cms. 
10 =25 -400 

7 =17-780 

0*7 = 1*778 
0-03= 0-051 

17 -72=45-009 


Note. — I f a talde of conver.sion is not at hand, an approximation to tlie couivalent in inches of a distance iiieasm'ed in 
centim6tres may be obtained by multiplying by 0-4; thus, 30-5 cm. multiply by 0-4, and wo have 12-2 inche.s; the real equivalent ns 
shown above is 12-008 inches. 


Weight. 


Metric to British. British to Metric, 



KHo- 

j3;ramnies. 

Tons. 

Pounds 

Avoir- 

dupois. 

Grains 

Troy. 

Tons. 

Metric 
tons or 
milliers 

Pounds 

Avoir- 

dupois. 

Kilo- 

grammes 

Troy. 

Grammes. 

1 

•000984 

2*2046 

15432*3 

1 

1-016 

1 

0 -4536 

1 

•0648 

2 

■001968 

4-4092 

30864*7 

2 

2-032 

2 

0-9072 

2 

•1-296 

3 

■00-2963 

0-6139 

46297 -0 

3 

3-048 

3 

1 -3608 

3 

•1944 

4 

■003937 

8*8186 

01729 -4 

4 

4-064 

4 

1 -8144 

4 

*2592 

5 

-004931 , 

III -0231 

77161 -7 

51 

5-080 

5 1 

-2-2680 

5 

•3-240 

6 

•005905 j 

13 -•2277, 

92594-1 

6 

! 6-096 

6 j 

j 2-7210 

6 

*3888 

7 

•006889 ! 

15-4323 

108026-4 

7 

1 7-112 

7 

j 3-1751 

7 

•4536 

8 

•007874 . 

17-6370 ^ 

1 123458 -8 

8 

8-128 

8 

3-6-287 

8 

•5184 

9 

008858 

19-8416 

1 138891-1 

g 

9-144 

9 

4-08*23 

9 

*5832 


Metric Talle of 
Weight, 

Milli- 


grammes. 

10 = 1 centigramme. 
100 = 1 dddgvamme. 
1000 = I gramme. 
Grammes. 

10 = 1 dOcagramme. 
100 = 1 hectogramme. 
1000 = 1 kilogramme. 
Kilo- 
grammes. 

10 = I myriagramme. 
100 = 1 quintal. 
lOuO = 1 millier, or 
tonne, or 
metric ton. 


Nxpi.anatiok,~To convert any number from one measure to the other, lake the values of the different tnultiples of 10 by 
shifting the position of the decimal point, and add together. Thus, find the number 


of tons 

. in 35 tonnes, 
(see cols. 1 and 2). 

tonnes, tons. 
30 = 29-53 
5 = 4-92 

.-. 35 = 34-45 


of pounds 

of grains 

of tonnes 

of kilogrammes 

in 56-3 kgms. 

in 120 grammes 

in 38 turns. 

in 68 pounds. 

(sec cols. 1 and 3). 

(see cols. 1 and 4). 

(see cols. 5 and 6). 

(see cols. 7 and 8). 

kgms. lbs. 




60 =110*231 

gramme.s. grains. 

tons, tonnes. 

lbs. kgs. 

6 = 13-‘2'28 1 

i 100 = 1543-23 

30 = 30-48 

60 = 27 -216 

0*3= 0-661 1 

20 = 308-65 

8 = 8-13 

8 = 3-629 

66*3=1-24-120 ; 

1 .*. 120 = 18.51-88 

.-.38 = 38*61 

.*, 68 = 30-845 


NoTE.-r-7000 grains troy = 1 pound avoirdupois. 


of grammes 
in So grains, 
(see cols, 9 and 10) 


grains, grammes 
80 = 5-184 
6 = 0-324 




Table XVI — coniinned. 


Metric and Atmospheric 
to British. 


Kilo- 

grammes 

per 

sq, cm. 

Pounds 
per square 
inch. 

Tons per 
square 
inch. 

spheres. 

Pounds 
per square 
inch. 

Tons per 
square 
inch. 

1 

14-223 

•00635 

1 

14-7 

•00656 

2 

28 -446 

•01270 

2 

29-4 

■01313 

3 

42-668 

j-0i905 

3 

44-1 

•01969 

4 

56 -891 

•02540 

4 

58-8 

•02623 

5 

71-114 

•03175 

5 

73-5 

•03281 

6 

85-337 

•03810 

6 

88-2 

•03938 

7 

09 -560 

•04445 

7 

102-9 

•04594 

8 

113-783 

•05080 

8 

117-6 

•0.5250 

9 

128 -006 

•05715 


132-3 

•03906 


Britisti to 

Metric and Atmospheric, 


i 

Pounds 1 
per square; 
inch. 1 

Kilo- I 

grammes 
stp'cm. 1 

spheres. 

Tons per' 
square 
inch. 

■ Kilo- 1 
grammes 
per 

sq. cm. 

Atmo- 
! spheres. 

1 1 

•07031 i 

•068 

1 

157 -49 

I 132-38 

2 

•14062 

•136 

2 

314-99 

; 304 -TO 

3 

•21093 i 

•204 

3 

472-48 

437-14 

4 

•28124 ; 

•272 

4 

6‘29 -97 

1 609-52 

5 

•35155 1 

•340 

5 

! 787-47 

i 761 -91 

6 

•421»6 1 

•408 

6 

j 944 -96 

1 914-29 

7 

•49217 1 

•476 

7 

! 1102 •45 

!i066-67 

8 

•56-24S ; 

•644 

8 

I l'2.59-95 

1219-05 

9 

•63279 i 

•612 

9 

j 1417-44 

I137I-43 


Ksplanation.— To convert any number from one measure to the other, take the values of the ctiffcrent multiples of 10 by 
shifting the iiosition of the decimal point, and add together. Thus, And the number 


of pounds 
per square inch 
in 32 ■! kilo- 
grammes per 
square eentimfetre 
(see cola. 1 and 2). 
kgf. per lbs. per 
sq. cm. sq in. 
30 == 42fi -68 

2 = 28 ’46 

0‘1 = 1-42 

.*. 3i-l = 456-53 


of tons 

per square inch 
in 3210 kilo- 
grammes per 
square centimetre 
(see cols. 1 and 3). 
kgs. per tons per 


sq. ( 


sq. i 
0 = 1!) -03 
200 = 1 -27 
10=0 -06 


(see cols, 4 and 6). 


-.3254 = 21-36 


of kilograinine.s 
per square 
centimetre in 
15 Iba. on the 
square inch 
(see cols. 7 und 8). 

lbs. per kg.s. per 
sq. in. sq. cm. 
10 = 0-7031 
5 = 0-3510 

.-.15 = 1-0547 


18-3 tons per 
square inch 
(see cols. 10 and II). 
tons per kgs. per 
sq. in. sq. cm. 
10 = 1374-9 

8 = 1209-95 

0-3 = 47-23 

.-.18-3 = 2882 -1 


of atmospheres 
in 14*6 tons 
per square inch 
(see cols, 10andl2), 


tons per atmo- 
'sq. in. spheres. 
10 = 1523-8 

4 = 609-6 

0-6 = 91-4 

14-6 = 2224-7 


Metric to British. 


3 -2291 
6 -4581 
9-6872 


22-6034 
29 -0615 


Energy. 


British to Metric. 


2-1678 
2 -4775 
2-7872 


Explanation.— To convert any number from one measuro 
to the other, take the values of the clilTeront multiples of 10 
by shifting the position of the decimal point, and add- 
together. Thus, And the number 


of foot-tons 
in 4367 motre-tonnes 
(see cols. 1 and 2). 

mfetre- foot- 
tons. 
4000 = 12916-2 


4367 = 14101 -20 


of mfetre-tonnes 
in 3i)92 foot-tons 
(see cols. 3 and 4). 

foot- mdtre- 
tons. tonnes. 
3000 = 929-1 
600 = 154-84 

00 = 27-87 


Note. — 1000 m6tre-tons is called a dinatnode in Italy. 


TABLE Xmi. 
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■■ ■::] 


R 

0* 

100. 

200. 

800. 

400. 

.500. 

600. 

700. 

soo. 

900. 

1000. 

1100, 

1200. 

1303. 

1400. 



lirai 

180 K 




22, 

2S->u). 




2^rL 

25.. ' 

S., 



;l , ' ( t 0 *( it' • 


Tolocifcy 

f/3. 

500 


























; i 








: 

. 


03909 

07920 

12033 

16250 

20579 

25022 

293S3 

,3..,[.266 

39072 

44010 

49080 

543iJ0 

59661 

05375 

70S 15 

766SJ 

S208;’ 

8SS6i 

05228 










j 

1 


1 




510 

03757 

07611 

Udoo 

15594 

19760 

2402.'i 

28399 

32886 

37526 

422S8 

47118 

52134 

57rJ7:" 

62561 

67995 


79:3:12 

8.52.50 

9!;3:.5 

9762 » 







i 



j 

i 





520 

03613 

0731S 

11106 

14990 

18994 

2:{0.83 

27290 

31.595 

360(,i4 

•10645 

45265 

50088 

5.5039 

60090 

t).“)331 



81837 

H767'! 

{»86V,t 












1 




530 « 

03477 

07042 

10684 

14429 

18276 

22211 

21)252 

303S9 

346S2 

39080 

43522 

48150 

52886 

57754 

62755 

67895 


TsOU 

'’4210 

^0076 


• 





m 





1 

; '* '! 



540 

03349 

06782 

10296 

13903 

17602 

21392 

.25279 

29261 

33375 

37594 

418S1 

46322 

50S72 

555-48 

60350 

6.52'-5 



S'-'Oll- 

S6S72 









1 

1 


1 




550 

03229 

06538 

09929 

13406 

16968 

20619 

24363 

28202 

32141 

36134 

40,334 

44,594 

4S969 

534(33 

58078 

6282-) 

6769' > 

727( If 1 


.soo.t 









! 

1 


j 




500 

03116 

06309 

09560 

12933 

16367 

19886 

23495 

27202 

30974 

84S47 

38-873 

42961 

47171 

53-193 

.55931 

60 491 

65.1 1-1: 

r,-.!9So 

7-1945 

8X02 











1 


i ' ■ ' i 



570 

03008 

06089 

09246 

12481 

15793 

19187 

22688 

26251 

29871 

33.585 

37432 

41418 

45471 

49632 

5290 4 

5.8292 

62798 

<;7l‘3o 


77' (9 4 
















580 

02905 

05879 

08927 

12049 

15245 

18520 

21S79 

25339 

28827 

32401 

3(3164 

89959 

43864 

47872 

oKH6 

5621;: 

()U,~ 1-52 

6.5 >11 

69596 

7-1.309 
















500 

02807 

05679 

08623 

11637 

14723 

17885 

21130 

24460 

2783S 

31299 

34918 

38577 

42343 

46206 

30172 

542 15 

,58428 

6272:3 

67139 

71676 






! 










600 

02714 

054S9 

08333 

11245 

14227 

17281 

20409 

23616 

26901 

50270 

33-724 

37267 

4!»01 

44628 

4S-i3S 

523S2 

56416 

60557 

64812 

6918:3 






i 




i 






610 

02626 

06309 

08057 

10873 

13757 

16707 

19720 

22811 

26007 

29251 

32594 

36022 

39531 

4-3130 

46822 

30814 

5-4505 

,58.500 

62604 

66S1S 






i 



i 

i 


. 




620 

02542 

05137 

07795 

10520 

13310 

16163 

19073 

22060 

25154 

282S4 

31516 

34835 

3S225 

41702 

4;rJ^ f 

48929 

526S4 

565-40 

60499 

04565 






1 

1 



1 



i 



630 

02461 

04974 

07547 

101 85 

12S85 

15647 

18464 

213.56 

24342 

27369 

30492 

83703 

369S0 

403.M 

4,3794 

47323 

50949 

.54672 

5S493 

62-419 





' 

1 ! 

s 









640 

02384 

04819 

07312 

09868 

12482 

15157 

178S9 

20691 

23570 

26506 

29523 

32625 

35794 

3904,3 

42382 

-15"92 

■49296 

r, 289:3 

.505-85 

60:375 





1 

i 






■ '! 



650 

02311 

04672 

07090 

09566 

12100 

14691 

17843 

20058 

22838 

25687 

28606 

31597 

84683 

37800 

4-102S 

4433;? 

47721 

52198 

54766 

.58420 

621t30 

t-(fi0-52 

70921 

7'pi! 


f|.SS . S2501- 

( 









660 

.02242 

04533 

06881 

09278 

11789 

14246 

16821 

19451 

22143 

24905 

27736 

30617 

33585 

3(3627 

39750 

4294.3 

16221 

4958:3 

.330.8:3 

565'75 


6:30,56 

6779! 

71780 ; 

I'l 

'43-> 1 7f»0,51 

■ ! 







, 


670 

02175 

04397 

06680 

09001 

11390 

13820 

16319 

18866 

21475 

24154 

26908 

29682 

32557 

35,503 

SS529 

41817 

•14790 

48043 

5i:3Si 

54S09 

58:3-1.1 

619,52 

65660 

601.67 

M9'2 i'/llO 

. ! 



. 






680 

02111 

04268 

06486 

08786 

11053 

18411 

15835 

18304 

20834 

23433 

26089 

28791 

31577 

34431 

37301 

-1:03,52 

-13-1-27 

-2-6576 

49S07 

5:3125 

56.5-18 

0<.i0:::7 

6362:3 

(.t73'34 i ('I'.i’i),] 7 :3<59 









' 

690 

02050 

04145 

06299 

08482 

10728 

13018 

15367 

17764 

20220 

22740 

25321 

27939 

30640 

33407 

36244 

39146 

•1232,5 

•4.517,5 

-18:30.5 

.51518 

5-!-82 4 

.5S207 

01676 

65230 , f;«(0l 72‘'66 
6826.5 i fX'.’S'cl 70 M6 

^ 1 


r ■ 




i 



700 

01992 

04028 

06119 

0S239 

10415 

12642 

14917' 

17247 

19632 

22072 

24570 

27126 

29746 

32429 

35176 

37993 

•10S>2 

•4:3838 

46S71 

-1-9985 ■ 

5:3181 

56-157 

.598 16 

i 






■■!■''.'■ 



710 

01936 

03917 

05946 

08006 

10113 

12275 

14487 

16752 

19069 

21430 

23851 

26348 1 

1 1 

28890 

31494 

3-1-134 

36S91 

i 39693 

.42.500 

45501 

4S519 

51610 

! ri-i-784 

5So:is i 

613' 

0 j (llSl.O . »jS9,:il 



1 1 

j 


r 

, i '■■ '.■ 


! 

720 

01883 

03809 

05779 

07783 

09S29 

11929 

14079 

16280 

18530 

20820 

231GS 

1 1 

25603 1 

2.S071 

30598 

33177 i 

35836 

1 3S5.5.3 

41387 

441.89 

47117 

5(>I.f>S 

.531.85 

iamb 

50,57'? I (©T) ! 

i 


1 ! 



! 




730 

01832 

03705 

05619 

07569 

09560 

11601 

13091 

15830 1 

18015 

.20241 

22523 1 

1 24888 

27285 

29739 

32242 i 

3-182-1 

j 37-484 j 

•4!,H64 

! •4.29.32 

'-I'*.* f '/ 

.48670 

I' 51655' 

: 51-7.1;? 

578.5:3 j 

!1075 . ;i.f-:s70 






1 

■ ■ ! 


. 

740 

01788 

03605 

05466 

07364 

09304 

112S9 

13321 

15400 

17523 

19691 

' 21910 1 

I 24201 

^ 26530 

2893,3 

■31346 1 

33S52 

! 30-M4 i 

S90S8 , 

4 1 '725 , 

4-44SO 

1 472i,'t5 

50391 

5:? 157 

5620{. 

a!.t!C35 62.52-1: 

! ' 

j 1 





1 

j 



750 

01736 i 

03509 

05319 

07168 

09059 

10991 

12967 

14988 

17055 

19167 

2132.8 ' 

23539 

25802 

28118 

304SS 1 

3291.7 

3.5494 

:17951- ' 

* 40,56.1 - 

' -18287 ' 

‘ -1-5977 • 

4&7.SS , 

5I66S 

5-462.5 i 

576.56 . liO'/O? 







1 


1 

760 

01691 

03416 

05173 

06980 

08823 

10705 

12626 

14592 

16611 

18665 

2076.8 ' 

, 22908 

251 10 

27364 ! 

29665 ! 

32030 

344-17 

; 8692.5 i 

' 29iti2 ! 

; •42>)60 i 

41711 : 

■1-7.1 ! 1 


.53112 

' 59‘.(97 

, 1 





1 

j 


j '■ 

770 

01647 1 

03327 

05048 

06798 

08594 

10428 ! 

12296 

14210 

16178 

18177 

2022 i 

1 

22301 j 

24443 

26637 ' 

] 

, 2S.87-1. ; 

3! 17-1 

3:j,52-l- 

35982 ! 

, 2S:m 

■1092-}- 

48.501. ■ 

-1-6 15:; 

1S871 

51600 ; ami 1 , 57-1.77 


i 




i 

. ! 


, 

780 

a]604 

03242 

04918 ' 

06623 

i 08373 

10159 

11978 

13841 ^ 

15756 

17702 i 

I96in ; 

21735 ' 

23800 1 

25935 ! 

2S114 ' 

. 30348 

326:34 

;3-1975 

37:37:3 i 

: :3982s 1 

-42836 ' 

4-1-91:} i 

47 ,55,5 

60265 i 

.>3(58 i r)59US 

1 '■ ' ' " 






' I 


: 

790 

01563 

03160 ' 

04789 

064r)5 ' 

08159 

10898 ^ 

11671 

13486 

15346 

172-41 1 

, 19178 

2} 151 

' 23181 ' 

■ 25259 

1 27381 1 

29553 ! 

31777 

. 84054 

:36;38(3 i 

‘.877:3 1 

43215 i 

-48720 ‘ 

-■46280 

489. 

53 

31)12,5 i ,>1:305 

f 


; on-iTi 

(■;. !,!-!'>! 

1 674.58 


73Sl.:'i I 77121 

S.vil7 

J sum 

800 

01524 

03081 

04670 

00293 

07952 

09645 

11374 

13144 

14950 

16794 

' 1S67S , 

2060S 

225S5 

2460s 

1 26875 1 

' 287S8 

30932 

I 8:1.168 

25 1.36 

, 87758 i 

.10584. 

42.570 

•i5!if-;9 

47629 1 

-liC’l 

j 5.5005 

j 58524 

79.598 

810 

01486 

03005 

04556 

06137 

07752 

09399 

: 11088 

12814 

14570 

16361 

18198 

' 20086 

22012 : 

239.82 

; 259iM 1 

280,52 

:i!;*i59 

; 32:310 

8-4523 ! 

1 8'67S2 

' 89094 ’ 

■llllul 

' -i:;.S94 

■ !■ : . ■ 'i 

-1-638.1 ! -180:1' ( ' 51.5 'l-o 

1 .51218 , 

1 .56966 

i 59788 

62676 

’ 6,56 IS 

osoa-i- 

TISIS 75023 
COOOT : 73022 
(jH'K2 ! 71132 

* 7.8319 

1 7022,;'. 
7-122:] 

\ S170H 

1 79513 

I 77-1 li> 

820 

01449 

02932 

04445 

05986 

07560 

09166 

10814 

12497 

14207 

15950 

17741 ■ 

19585 

j 21462 

2,3380 

. 2.5341 

27;34'5 

29:307 ! 

149.8 , 

; .8:3646 

1 ::.>845 

. :3Sor!5 

40491 ■ 

-1276(5 

-451,8.8 

•p;6:? ■- 59201 

; rc’S'M 

i 5,547-1 

' 58212 

011 12-5 

63!) 1,5 

6687)) 

0.5i:'J6 

830 

01414 

02862 

04338 

05841 

07377 

08945 

10551 

.12193 

13860 

15561 ' 

37307 

1 19104 

1 20934 

22803 

j 24714 ' 

, 26606 

28666 ' 

i 80713 i 

[ .32S'05. 

.84940 

1 87137 

ms2 

4i,(i.S 1 

44042 ; 

■KjMO , 48920 1 ,51-450 

5(0-!.S , -56711 

50-'i8 

j 02258 

840 

01381 

03794 

04235 

05702 

07203 

08734 

10300 

11901 

13529 

15193 

16896 

38644 

1 20427 

222-49 

i 24112 

1 26016 

27966 

1 29961 ' 

i o.iyws 

1 840S4 ' 

: 86219 : 

;3.sioa i 

400 47 

■ 1-20-44 : 

45201, ■ -1-7697 

; .501,59 

.52fiSS 

i 

579(4 

j 6',>*'i77 

60477 

(11897 

66;U3 I OOSffl 
Ii IHOO 1 67.5.55 
(i::i22 ! 6.5009 

72::5I(I 

70.495 

6,8765 

' 7.5 12:4 

75520 
i 71797 

850 

01849 

02729 

04136 

05569 

07035 

08532 

10060 

11622 

132.13 

14842 

16504 

, 38202 

i 39942 

21719 

! 23536 

; 25393 

27295 ■ 

j 29241 ' 

i 81227 

’ 88260 : 

:35:3y 

8 7 •■1:7 ‘ * ( 

8905(5 

■il.so-l ' 

-44185 1-6,532 

1 -18031 

.11304 

5802! 

56.5 ! :.'{ 

! 59172 

860 

01318 

02666 

04041 

05443 

06875 

0S388 

09830 

11355 

12910 

14503 

. 16128 

i 17780 

! 19 478 

21212 

1 229.83 

! 24797 

266.54 

1 285.58 1 

! ;3‘>,i90 

1 82472 ' 

:3-i502 

.‘iosso ' 

:3S70i.( 

-I'ISUl i 

■4:!i;?r, 1 .45426 

1 -4776.5 

5U,.l 65 

! .526:11 

55 15a 

1 &77-1-3 

i 

870 

012SS 

03605 

03949 

05320 

06721 

08150 

09609 

] 1099 

1 

' 12619 

14179 

' 15765 

17376 

1 

' 19034 

2U727 

22458 

i 24228 

26041 

1 27S95 

1 

; 29786 


;3;3T02 

;35?30 i 

37807 

:?oo;35 ' 

1218' ' 4 1 8) 5.5 

1 46616 1 5S9S7 



■ ... 

V 

53959 

r,-7>j8<5 

OiCilS : (M322 
yttlTS ' 0281 8 
5S892 ' IU3K-i 

i 57-t-Oi-» ■ OoOiC 

1 ,5.‘»2 52 ' .5-711 
‘ 559 4^ ; -57 9; 4 

1 

i 67111 
i 6.55 -19 

6(f97!) 

880 

01253 

03547 

03861 

05202 

06573 

07969 

09396 

10853 

, 12340 

' 13864 

. .15416 

! 16990 

J8611 

1 20265 

21956 , 

1 28686 

25457 

1 272:-6.S ; 

j 2911.5 

1 8100.5 1 

;:29-4' 1 

:3492.:; ; 

;:69i7 

:?9025 , 

1)17'.. 4;?8}0 

j -1,55,, 5 

47.S.59 

! 502>>.5 

i~26i ‘,5 

i 5-506! 

1 5:1s 

; .52621 
.51-187 

1 ,50-9 (1 


. )))!7('2 

890 • 

900 

910 

01231 

01201. 

01178 

0249 L 

03487 

03384 

03776 

' 03694 ' 
0361.5 : 

050SS 

0487S 1 
04,872 j 

064.28 

0(3289 

06154 

07793 

07627 

07465 

09191 

’ 0SS94 
OSS04 

10016 

' 103.88 
iOlOS 

' 12072 

11813 
' 11562 

, 13561 

13269 
. 129S8 

1508f» 

14756 
' 14444 

1 16623 

; I(!273 
, 1.3932 

j 18207 

f 19S24 

19405 

19002 

214'77 

21022 

2.0581. 

23169 

2267S 

2-19-.)0 

24.371 
28862 ' 

i 26672 j 

2610-4 

2-8477 

1 27S71 
; 272SS 

1 8i):i24 : 

; 29675' : 
1 29057 i 

22215 

31527 i 
;4<S66 ■ 

:ui5o : 

3:3420 i 
32738 i 

.361:10 

3.5;i5ii 

31612 

;?.S161 ; 

:}7:.s-3 !. ■ 
36.554 ! 

4>*.5i .}2:?7T 

39.;72 (1119 

:!S.5;4' > .19.361 

. 15.51 

1 -43574 
i •126-1-3 

-107, SI I'.MJ-.! 

1 •457,52 1 •! 70.87 

1 14772 -8:9.56 

.'■1 ii:: 

,50276 

•lOlfU- 


1 62603 
1 (.12-12 
• .59939 

! 

■ 6.520(5 
. fr-tS'.in 
. (-2176 

020 

01153 

02333 

U353S ; 

04769 ; 

06024 

07308 

i 03620 

OOOoli ' 

11321 

' 32717 ' 

' 14144 

1 15605 

1 i7o94 

1S612 

i 2(.U62 

5i749 

2337:1 1 

- 25030 

26726 

; 2S459 ’ 

:3u2:.i>..! j 

:320-3:3 

, 38896 

;?57‘. 


;?772'< 89J(» 

; 4l75vf 

; -1383;, 


-iSl..57 


930 

01129 

1 02383' 

(..>3464 i 

04669 

05899 

07157 

1 08442 

OD751 

11089 

’ 12-1.57 

13856 

i ir,,2S9 

1 16748 

1823(.l 

1 197.55 

1 21310 

22901 ! 

j 24524 1 

261B5 

: 27S88 ! 

29619 ; 

:31303 

382-98 

8.507(t 

;?()95r ;?s'9>(.5 

1 I0-S96 

■ ■420:3.’' 

^ -45021 

! -I?!*.:.! 

j i0;{6i 

'■ ,51(11') 

; .lrt(5(i0 

[ 5:19 tr 56273 
•' 52S19 ,5.51:-M 

,5''':"2 

> 61174 
’ 5! 45214 

940 

1 01105 

' 02335 

033,92 1 

04572 

05779 i 

07012 

> 08270 ' 

09554 , 

10866 

32208 

13579 

i ,11984 

! 16414 

17S73 

; 19362 

j 20887 

22446 

2-MWl j 

25664 

i 27:32-S i 

29029 i 

8076S ■ 

:i2r,47 

8-4:J7ti 

26222 ;;3r.-!9 

; I'KjSo 

1 42077 

441,2;? 

i 46219 

•tS'Oi.s 

^ .51784 -51012 

‘ (503, 5> 

' rj,s7:47 

taM 950 ^ 

i 01032 1 

03189 

03332 ; 

04478 

05663 1 

06872 

i 08J05 

09305 . 

10652 

11969 

' 13313 

1 3-4687 

^ L6091 

17522 

: 18983 

1 2(S47S 

; 220.37 1 

. 2.3366 -1 

2.5 i 62 

. 26TU4 - 

2-S162 ' 



- 


'. 39;j!«2 

! -41255 

1.12' ?} 

! -15818 

' 47 122 


( 92153 ) 
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0 ' 

100. 1 

200. 

300. 

400. 

500. 

600. 

700. 

800. 

900. 

1000. 

1100. 

1200. i 

1300. I 

1400. 1 

1500. 1 

1600. 

i7ao. 

ISOO. 

1900. 

2000. 

2100. 

2200. 

2300. 

2400. 

2500. 

2600. 

2700. 

2800. 

2900, 

3000. 

3100. 

3200. 

3300. 

3-100. 

3500. 

3600. 

3700. 

3800. 

3900. 

4000. 

4100. 

4200. 

4300. 

Velociby 

960 

01060 

02144 

03255 

04387 

05551 

06737 

07946 

09183 

10447 

11740 

13058 ^ 

14404 

15778 

17183 

18617 

20084 

21583 

23112 

24678 

26279 

27915 

29387 

31.300 

33062 

34855 

36688 

38562 

40481 

42417 

411,61 

.16522 

48634 

50799 

52089 


675SS 








970 

01038 

02101 
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